Spread Spectrum Techniques
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The principles of Spread Spectrum
communication

More information on spread spectrum can be found in my thesis: Non-Cellular Wireless Communication

Systems .

In Code Division Multiple Access (CDMA) systems all users transmit in the same bandwidth
simultaneously. Communication systems following this concept are " spread spectrum systems”. In this
transmission technique, the frequency spectrum of a data-signal is spread using a code uncorrelated with
that signal. As aresult the bandwidth occupancy is much higher then required.

The codes used for spreading have low cross-correlation values and are unique to every user. Thisisthe
reason that a receiver which has knowledge about the code of the intended transmitter, is capable of
selecting the desired signal.

A number of advantages are:

L ow power spectral density. Asthe signal is spread over alarge frequency-band, the Power
Spectral Density is getting very small, so other communications systems do not suffer from this
kind of communications. However the Gaussian Noise level isincreasing.

I nter ference limited operation. In all situations the whole frequency-spectrum is used.

Privacy dueto unknown random codes. The applied codes are - in principle - unknown to a
hostile user. This meansthat it is hardly possible to detect the message of an other user.

Applying spread spectrum impliesthe reduction of multi-path effects.
Random access possibilities. Users can start their transmission at any arbitrary time.
Good anti-jam performance.

Because of the difficulty to jam or detect spread spectrum signals, the first applications were in the
military field. However nowadays spread spectrum systems are gaining popularity also in commercial
applications.

The main parameter in spread spectrum systemsis the processing gain: theratio of transmission and
information bandwidth:

BW,

G e
o Bw,

1)

which is basically the " spreading factor”. The processing gain determines the number of users that can
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be allowed in a system, the amount of multi-path effect reduction, the difficulty to jam or detect asignal
etc. For spread spectrum systems it is advantageous to have a processing gain as high as possible.

There exist different techniques to spread a signal: Direct-Sequence (DS), Frequency-Hopping (FH),
Time-Hopping (TH) and Multi-Carrier CDMA (MC-CDMA ) [YLF94]. It is aso possible to make use of
combinations of them. An overview of the more conventional spread spectrum techniques can be found
in [SOSL 85a,Hol82,Dix84,PSM82,SH85].

We will now concentrate on the two most popular techniques: Direct-Sequence and Frequency-Hopping.

Direct Sequence

Direct Sequence isthe best known Spread Spectrum Technique. The datasignal is multiplied by a
Pseudo Random Noise Code (PNcode).

A PNcode is a sequence of chipsvalued -1 and 1 (polar) or 0 and 1 (non-polar) and has noise-like
properties. Thisresultsin low cross-correlation values among the codes and the difficulty to jam or
detect a data message [Gol67,HdV 71,Roe77,Gla92].

Several families of binary PNcodes exist, they are addressed in another section. A usual way to create a

PNcode is by means of at least one shift-register. When the length of such a shift-register isn, the
following can be said about the period M= of the above mentioned code-families:

Nps=27-1. (2)

In direct-sequence systems the length of the code is the same as the spreading-factor with the
consequence that:

G ;(DS) = Nps. (33
1 bit period 1 chip pericd
Data signal
PMN—code
coded signal

Figure 1: direct-sequence spreading

This can also be seen from figure 1, where we show how the PNcode is combined with the data-signal, in
this example &¥ps = 7. The bandwidth of the data signal is now multiplied by afactor ¥ps. The power

contents however stays the same, with the result that the power spectral density lowers.
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The generation of PNcodes isrelatively easy, anumber of shift-registersisall that isrequired. For this
reason it is easy to introduce a large processing-gain in Direct-Seguence systems.
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Figure 2. DS-concept, before and after despreading

In the receiver, the received signal is multiplied again by the same (synchronized) PNcode. Since the
code existed of +1s and -1s, this operation completely removes the code from the signal and the original
data-signal is left. Another observation is that the despread operation is the same as the spread operation.
The consequence is that a possible jamming-signal in the radio channel will be spread before
data-detection is performed. So jamming effects are reduced (see figure 2 [Hen84]).

The main problem with applying Direct Sequence spreading is the so-called Near-Far effect whichis
illustrated in figure 3. This effect is present when an interfering transmitter is much closer to the receiver
than the intended transmitter. Although the cross-correlation between codes A and B islow, the
correlation between the received signal from the interfering transmitter and code A can be higher than the
correlation between the received signal from the intended transmitter and code A. The result is that
proper data detection is not possible.

recever

code A intended transmitter

® '\cude A
i)

interfering trensmitter
code B

Figure 3: near-far effect illustrated
Another spread spectrum technique: Frequency-Hopping is less effected by this Near-Far effect.
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Frequency Hopping
When applying Frequency Hopping, the carrier frequency is 'hopping' according to a unigue sequence
(an FH-sequence of length Mgx). In this way the bandwidth isincreased by afactor Mg (if the

channels are non-overlapping):
G p(FH) = Npp. (4

The process of frequency hopping isillustrated in figure 4. A disadvantage of Frequency-Hopping as
opposed to Direct-Sequence is that obtaining a high processing-gain is hard. Thereis need for a
frequency-synthesizer able perform fast-hopping over the carrier-frequencies. The faster the
““hopping-rate” is, the higher the processing gain.
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Figure4: illustration of the frequency hopping concept

On the other hand, Frequency-Hopping is less effected by the Near-Far effect than Direct-Sequence.
Freguency-Hopping sequences have only alimited number of " hits" with each other. This meansthat if a
near-interferer is present, only a number of "~ frequency-hops” will be blocked in stead of the whole
signal. From the “"hops" that are not blocked it should be possible to recover the original data-message.

Hybrid System: DS/(F)FH

The DS/FFH Spread Spectrum technique is a combination of direct-sequence and frequency-hopping.
One data bit is divided over frequency-hop channels (carrier frequencies). In each frequency-hop channel
one complete PN-code of length is multiplied with the data signal (see figure, where is taken to be 5).
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Figure5: ds-fh spreading scheme

As the FH-sequence and the PN-codes are coupled, an address is a combination of an FH-sequence and
PN-codes. To bound the hit-chance (the chance that two users share the same frequency channel in the
same time) the frequency-hop sequences are chosen in such away that two transmitters with different
FH-sequences share at most two frequencies at the same time (time-shift is random).

Pseudo-Random Noise Codes

A PNcode used for DS-spreading exists of s units called chips, these chips can have 2 values:. -1/1

(polar) or 0/1. Aswe combine every data symbol with a complete PNcode, the DS processing gain is
equal to the code-length. To be usable for direct-sequence spreading, a PNcode must meet the following
constraints:

« The sequences must be build from 2-leveled numbers.
« The codes must have a sharp (1-chip wide) autocorrelation peak to enable code-synchronization.

« The codes must have alow cross-correlation value, the lower this cross-correlation, the more users
we can allow in the system. This holds for both full-code correlation and partial-code correlation.
The latter because in most situations there will not be a full-period correlation of two codes, it is
more likely that codes will only correlate partially (due to random-access nature).

« The codes should be " balanced": the difference between ones and zeros in the code may only be 1.
Thislast requirement stands for good spectral density properties (equally spreading the energy
over the whole frequency-band).

Codesthat can be found in practical DS-systems are: Walsh-Hadamard codes, M-sequences, Gold-codes
and Kasami-codes. These code sets can be roughly divided into two classes: orthogonal codes and
non-orthogonal codes. Walsh sequences [Bea75] fall in the first category, while the other group contains

the so-called shift-register sequences [Gol67,Roe77,SP80].
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Walsh Hadamard codes

Wal sh-sequences have the advantage to be orthogonal, in this way we should get rid of any multi-access
interference. There are however a number of drawbacks:

« The codes do not have a single, narrow autocorrelation peak.
« The spreading is not over the whole bandwidth, instead the energy is spread over a number of
discrete frequency-components. This can be seen from the solid line in figure 6.

« Although the full-sequence cross-correlation isidentically zero, this does not hold for
partial-sequence cross-correlation function. The consequence is that the advantage of using
orthogonal codesislost.

« Orthogonality is also affected by channel properties like multi-path. In practical systems
equalization is applied to recover the original signal.
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Figure 6: frequency-domain comparison of a Walsh and an M-sequence

These drawbacks make Wal sh-sequences not suitable for non-cellular systems. Systems in which
Walsh-sequences are applied are for instance multi-carrier CDMA [Y LF94] and the cellular CDMA

system IS-95 [Qua92]. Both systems are based on a cellular concept, all users (and so al interferers) are

synchronized with each other. Multi-Carrier CDMA uses another way of spreading while IS-95 usesa
combination of a Walsh-sequence and a Shift-Register sequence to enable synchronization.

Shift-Register sequences

Shift-Register sequences are not orthogonal, but they do have a narrow autocorrelation peak. The name
already makes clear that the codes can be created using a shift-register with feedback-taps. By using a
single shift-register, maximum length sequences (M-sequences) can be obtained. Such sequences can be
created by applying a single shift-register with a number of specially selected feedback-taps. If the
shift-register size is n then the length of the code is equal to 2% — 1. The number of possible codesis
dependent on the number of possible sets of feedback-taps that produce an M-sequence. These sequences
have a number of specia properties, here we will mention some of them which will be used in the code
selection process.

« M-sequences are balanced: the number of ones exceeds the number of zeros with only 1.
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« The spectrum of an M-sequence has as}fncz-envel ope. In figure 6 the spectra of a Walsh-sequence

of length 64 and an M-sequence of length 63 are shown, both sequences contain (almost) the same
power. The figure shows that applying an M-sequence better distributes the power over the whole
available frequency range.

« The shift-and-add property can be formulated as follows:

PRy =11 (5}
here u is an M-sequence, by combining two shifts of this sequence (relative shiftsi and j) we
obtain again the same M-sequence, yet with another relative shift.

o Theauto-correlation function istwo-vaued:

i {N T=&N >

-1 T ?"5 kN
where k is an integer value, and T is the relative shift.

o Thereisno general formulafor the cross-correlation of two M-sequences, only some rules can be
formulated [Roe77].

o A socaled preferred pair" isacombination of M-sequences for which the cross-correlation

only shows 3 different values: -1, — 2Ll 2/ 2 gng 2842 2] There do not exist preferred pairs
for shift-registers with alength equal to 4k where k is an integer.

Combining two M-sequences which form a " “preferred pair” leadsto aso-called Gold-code. By giving
one of the codes a delay with respect to the other code, we can get different sequences. The number of

sequences that are available is2” + 1 (the two M-sequences alone, and a combination with 22 — 1

different shift positions). The maximum full-code cross-correlation has a value of p L T P

If we combine a Gold-code with a decimated version of one of the 2 M-sequences that form the
Gold-code we obtain a " "Kasami-code" from the large set. Such a code can then be formulated as
follows:

p=u-1%0-1"w (7
here u and v are M-sequences of length: Aps = 2 — 1 (n even) which form a preferred pair. w isa
M -sequence resulting after decimation the v-code with avalue 222 £ 1 T denotes adelay of one chip, k

isthe offset of the v-code with respect to the u-code and m is the offset of the w-code with respect to the
u-code. Offsets are relative to the all-ones state.

In the large set of Kasami-codes a number of ~"special cases’ can be observed. The two M-sequences that
are used as a basis are part of the set, as well as the Gold-codes that can be created using these
M-sequences. Also a sub-set of the large set of Kasami-codes is the so-called small set of Kasami-codes:
this set can be obtained by combining an M-sequence with the decimated version of itself, so leaving out
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the other M-sequence.

Kasami-codes have the same correlation properties as Gold-codes, the difference lays in the number of
codes that can be created. For the large set of K asami-codes this number is equal to 22/° (2% +1).
Choosing n equal to for instance 6 leaves us 520 possible codes. It isimportant to have a large code-set:

the number of available codes determines the number of different code addresses that can be created.
Also alarge code-set enables us to select those codes which show good cross-correlation characteristics.

Last modified on August 29, 1996 by Jack Glas
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Introduction

People aways wanted to communicate and their demands grew with the possibilities offered by
technology. Nowadays, modern technology enables mobile communications in many situations. An
important component in mobile communications are non-cellular wireless communication systems for
short distances.

Wireless communi cation systems can be roughly divided into two categories. cellular and non-cellular
systems. In cellular systems the area to be covered is divided in a number of cells. All communicationin
acell goesviaasingle base-station located in that cell. Hand-over  protocols and connections between
base-stations enable roaming over cell borders. The consequence of this concept is that both an
infrastructure and a complex protocol are required. Non-cellular systems form another category of
wireless communication systems for which no infrastructure is required. In this sense the complete
system itself ismobile.

o

=a
E]

,.ﬂ"_l:!lt':-

This thesis deals with systems providing short distance, multi-access, ad-hoc based, point to point
communication links. Shortly, we focus on " non-cellular wireless communication systems”.
Applications can primarily be found as indoor data communication systems as illustrated in figure 3.1.

Asthisfigure only shows a number of properties of the target communication system, the main
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Introduction
properties are listed bel ow:

« Non-cellular systems do not require an infrastructure. Our target system is a non-cellular
communication system for short distances.

« Multi-access enables severa simultaneous communication links. In the figure two such links are
shown.

« Random-access, thisterm isin this context defined as the ability of usersto initiate a
communication link at any arbitrary moment.

« Digital data-communication links Although not completely clear from the picture, the target
system isadigital communication system. Applications can be both data-links and (viaa
speech-coder) speech-links.

This thesis addresses the different aspects of the realization trgectory of such communication systems.
Explaining a design methodology by using a concrete design exampl e has the advantage of exactly
showing where "“difficult" points can be found. For this reason, the design trajectory of a communication
system referred to as wissce is used to illustrate the proposed design methodology.

Concerning such a communication system, a number of sales-points exist. For instance the net data-speed
should be high enough to enable reasonabl e data-transmission speeds. A user would like to have this
speed as high as possible, there are however technical limitations. In our system we will therefore use as
a constraint a minimum speed of 64 kbit/s which is equal to asingle ISDN channel. Another issueis
reliability: In most situations a user should be able to initiate a communication link. During
communication, the bit error rate (ber) has to be acceptable. Other points would be that a user can
initiate atransmission link at any arbitrary moment. Also a user does not like long synchronization times
or the requirement to install an expensive infrastructure. The possibility to take the system itself and use
it at another place would be beneficial. For transmission speed reasons it isis also important to provide
duplex connections. In this way transmission and reception at the same time becomes possible. The user's
wishes are addressed in more detail in chapter 5 where they will be used as a basis to find a system

specification.

Multi-Access
« CDMA techniques
Claims of the thesis

o« Overview
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Multi-Access

An important issue in wireless communication systems is multiple random access. communication
links can be activated at any moment while several links can be active simultaneously. As multi-access
and random-access are properties mainly determined by the chosen data-communication techniqueit is
important to keep these requirements in mind from the very beginning. Three possible conceptsto realize
a multi-access communication system are in use:

1. FDMA
Frequency Division Multiple Access, commonly used in conventional telephone systems:. every
user gets a certain frequency band assigned and can use this part of the spectrum to perform its
communication. If only asmall number of usersis active, not the whole resource
(frequency-spectrum) is used. Assignment of the channels can be done centrally or by
carrier-sensing in amobile. The latter possibility enables random-access.

2. TDMA
Time Division Multiple Access, applied nowadays in mobile phone systems. every user is
assigned a (set of) time-dots. Transmission of datais only possible during thistime-slot, after that
the transmitter has to wait until it gets another time-slot. Synchronization of all usersisan
important issue in this concept. Consequently, there must be a central unit (base-station) that
controls the synchronization and the assignment of time-glots. This means that this techniqueis
difficult to apply in random-access systems.

3. CDMA
Code Division Multiple Access (Spread Spectrum). A unique code is assigned to each user. This
codeisused to "code" the data message. As codes are selected for low cross-correlation
properties, all users can transmit simultaneously in the same frequency channel while areceiver is
still capable of recovering the desired signal. Synchronization between links is not strictly required
and so random-access is possible. A practical application at the moment is the cellular-cdma phone

system IS-95 [Qua92].

Combinations are also possible, the popular European cellular phone systems dect and gsm for
instance use a combination of tdmaand fdma. There a single transmission-cell is defined by a
combination of afrequency channel and atime-glot.

From the abovelist it is clear that both fdmaand cdma are candidate transmission techniques to enable
multiple random access. There are however a number of reasons for choosing cdma over fdma. The first
alternative provides [Sch94, SOSL 85a, Dix84]:

« Interferencelimited operation. In all situations the whole frequency-spectrum is used. Asa
result the more active users are present, the higher the interference level will be.
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Multi-Access

« Privacy dueto unknown codes. The applied codes are - in principle - unknown to a hostile user.
Thismeansthat it is hardly possible to detect the message of another user.

« Applying spread spectrum impliesthereduction of multi-path effects. By using awide
frequency-band, the influence of narrow-band fades is reduced.

« Random access possibilities. Users can start their transmission at any arbitrary time (no
infrastructure required).

« Good anti-jamming performance. Small-band interference is reduced as explained in the next

section.

These were the reasons for selecting cdma as multi-access technique in the non-cellular target

communication system. As this choice has alarge impact on further design stages, the next section
provides an introduction to cdma-techniques.
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CDMA techniques

Code Division Multiple Access (cdma) is used in spread spectrum systems to enable multiple-access. It
Is atransmission technique in which the frequency spectrum of a data-signal is spread using a code
uncorrelated with that signal and unigue to every addressee. As the applied codes are selected for their
low cross-correlation values, it is possible to make a distinction between the different signals. An
initiator knows the code of the intended addressee and is so capable of activating the desired
communication link.

Thefirst applications were in the military field because of the difficulty to jam or detect spread spectrum
signals. Nowadays however spread spectrum systems are gaining popularity also in commercial
applications (for instance: 1S-95 [Qua92]).

If asignal is combined with a code the bandwidth of the original signal increases. The spectrum is
“gpread” which justifies the name ™ spread spectrum”. At the same time the spectral power density
decreases as the total transmitted power stays equal. The ratio of transmission and information bandwidth
is therefore an important parameter in spread spectrum systems. Thisratio isreferred to as ™ processing
gain®:

BW,
Gr= 3.1)

which isthe " spreading factor". The processing gain also determines the number of users that can be
allowed in a system, the amount of multi-path effect reduction, the difficulty to jam or detect asignal etc.
For spread spectrum systems it is advantageous to have a processing gain as high as possible.

Different spread spectrum techniques exist: Direct-Sequence (ds), Frequency-Hopping (fh),
Time-Hopping (th) and Multi-Carrier CDMA ( mc-cdma). It is also possible to make use of
combinations. Overviews of the various spread spectrum techniques can be found in [ SOSL85a, Hol 82,
Dix84, PSM82, SH85, YLF].

We will now concentrate on the two more popular techniques:. direct-sequence and frequency-hopping.

Direct Sequence
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CDMA techniques

Direct Sequence isthe most popular Spread Spectrum Technique. The data signal is multiplied with a
pseudo random bit sequence, often referred to as pseudo random noise code (pn-code).

A pn-codeis a sequence existing of chips (see figure 3.2) valued -1 and 1 (polar) or 0 and 1 (non-polar).
Such bit-sequences have noise-like properties like spectral flathess and low cross and auto correlation
values, and thus complicate jamming or detection by non-target receivers [Gol67, HdV 71, Roe77,

Gla9z].

Severa families of binary pn-codesexist: m-sequences, Gold-codesand Kasami-codes where the
|atter two can be created by combining a number of selected m-sequences. An usual way to create a
pn-codeis by means of shift-registers with feed-back taps. By putting the feed-back taps at specific
positions, the output sequence of a shift register isof ~ maximum length". The above mentioned
code-families [Gol67] have this property. When the length of a shift-register is n, the length of the

resulting sequencesis [Gol67]:

Nps=2"-1. (3.2)
In direct-sequence systems the length of the code is equal to the spreading-factor, so:
GP{DS;} — Nps. (3.3
1 bit period 1 chip period
Data signal
FN-code
coded signal

Figure 3.2 Direct—Sequen.ce spreadihg |

This can also be seen from figure 3.2, where the spreading processesis illustrated, in this example
Nps = 7. The bandwidth of the datasignal is now multiplied with afactor W 5 . The power contents

however stays the same, with the result that the spectral power density is lowered.

The generation of pn-codesisrelatively easy. A number of shift-registers with feed-back tapsisall that is
required. For thisreason it is easy to obtain alarge processing-gain in Direct-Sequence systems.
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Figure 3.3: ds-concept, before and after despreading

In the receiver, the received signal is multiplied again with the same (synchronized) pn-code. Since a
code exists of +1s and -1s, this operation completely removes the code from the signal and the original
data-signal is left. Another observation is that the despread operation is the same as the spread operation.
The consequence is that a possible jamming or interference signal in the radio channel will be spread
before data-detection is performed. In this way jamming effects are reduced (see figure 3.3 [Hen84]).

A large problem with multi-access direct sequence spreading is the so-called near-far effect whichis
illustrated in figure 3.4. This effect is present when a cdma interfering transmitter is much closer to the

receiver than the intended transmitter. Although the cross-correlation of “"code A" and ""code B" islow,
the correlation of the received signal from the interfering transmitter with ““code A" in the receiver can
exceed the correlation of the received signal from the intended transmitter and the correct code. Asa
result proper data detection is hardly possible.

recaiver
code A ® intended transmitier

\cnde A
QO

interfering transmitter
code B
Figure 3.4: Near-Far effect illustrated
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Frequency Hopping

When applying frequency hopping, the carrier frequency is hopping" according to a unique sequence
(an fh-sequence of length [¥gg ). In thisway the bandwidth isincreased by afactor [¥eg (if the channels

are non-overlapping):
GP{FH} — Nep. (3.4)

The process of frequency hopping isillustrated in figure 3.5. A disadvantage of frequency-hopping
compared to direct-sequenceisthat it is hard to obtain a high processing gain. A frequency synthesizer is
required that is capable of rapidly hopping over a set of carrier (fh) frequencies. The more fth-frequencies,
the higher the processing gain and the more demanding the frequency synthesizer becomes.

Power
™,
-"”‘-.ﬂ"
5
-, Fregueney
-fr-"' il /r"
i Vi
A
f/f /’j i /’
Deslred Slgnal Hops
T|r-,-.,._a,.J‘,.r""i/fr 7 f/’f 7 K;'f /,/f f.j:'/ far:;nmu“r:a fregqueney 1o

y A -~ / R a
Figure 3.5: lllustration of the frequency hopping concept

On the contrary, frequency-hopping is less vulnerable to the near-far effect than direct-sequence.
Freguency-hopping sequences have only alimited number of " hits" with each other. This meansthat if a
near-interferer is present, not the whole signal is blocked but only alimited number of " frequency-hops".
From the ""hops' that are not blocked it should be possible to recover the original data-message, for
instance by applying error correcting techniques.

Two types of frequency-hopping technigues can be distinguished. In ““fast frequency hopping” the
period of a ™ frequency-hop" is smaller than a data symbol-period while in ““slow frequency hopping"”
the period of a " frequency-hop" is larger than a data symbol-period. Choosing one of those techniques
has consequences on the error correcting coding to be applied.

%
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Claims of the thesis

Thisthesisis about the design of a complete communication system. from front-end related issues to
digital baseband processing aspects as well as the complete design trgjectory: from idea down to a ready
for layout description of the target system.

The goal of this section is to mention the highlights that surfaced while working towards this thesis.
These points can be grouped into three categories:

Concept development of communication systems

concerns the step from idea (application) to system definition. Aside from the combination of all
system-concept issues into a system definition, the following points may be of special interest to the
reader:

1. Sdlecting an adequate multi-access technique
As cdma-techniques combine random access with an interference limited system-utilization, they
are very suitable to provide multi-access abilities in ad-hoc communication systems. However, all
cdma-techniques have their specific disadvantages. The choice of an adequate multi-access

technique is therefore an interesting one that also has alarge impact on further design stages.

2. An acquisition search algorithm independent of a threshold
Usual code-acquisition search algorithms make use of athreshold. This threshold however, is
difficult to obtain as a number of parameters are unknown to the system. We will therefore
propose an acquisition search algorithm that does not primarily depend on athreshold value.

3. Suitable MA-interference analysis
The modelling of the interference from all other users as Gaussian noise is not realistic in
non-cellular systems. A more suitable ma-interferenceanalysis has been worked out.

4. Effectively reducing the effects of near-user interference
Combining salient features of code-acquisition and frequency-hopping leads to an acquisition
algorithm independent of near-user interference.

cdma

Implementation issues in a -receiver

During system implementation, we often find that the requirements of the systems engineer cannot be
mapped on the available hardware and software resources. To tackle this problem one can always resort
to more advanced (and more costly) resources or degrade the desired properties. In other words: the
trade-off between performance-loss and cost becomes visible.
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Claims of the thesis

1. Complexity reduction of the data-detection algorithm
The complexity of the mfskdata-detector (for mfskdata modulation see chapter 5) can be reduced
by applying a discrete fourier transform while reducing the number of bits used to represent
internal numbers.

2. Applying 2-level input signals
A considerable reduction of hardware cost can be obtained by limiting the input-signal. This turns
out to have only a small effect on the ber-performance.

3. Novel code-tracking loop
Through modification of an existing code tracking loop the complexity of the tracking-algorithmis
reduced while keeping a satisfactory code-tracking performance.

Building a transceiver as an embedded system

includes anovel design-flow to implement an actual design of thiskind. A description in the
programming language C of the transceiver's algorithm, and trade-off tables for different implementation
alternatives function as inputs to the hardware/software partitioning stage. Special attention is asked for:

1. Applying automatic tools
When applying an automatic tool, a designer can explore the design space in an efficient way.
Profiling results guide the designer to a " "close to optimal™ hardware/software partitioning.
2. The designer staysin control
In spite of the fully automated partitioner, the designer staysin control of the design process.
3. Graphical representation of the algorithm
To exercise this control, a graphical representation of the operation of a system can be of great
help in increasing efficiency.
4. Handling real-time constraints
Real-time system design requires a quite different approach from the design of systems without
hard timing constraints.

The claims above are verified against the experience with the design of the wissce cdma-transceiver.
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Overview

This thesis discusses a number of important issues existing in the process of realizing non-cellular
wireless communication systems. Though we tried to touch all aspectsthat exist in the design of a
communication system, emphasis was on the aspects mentioned in the previous section.

A non-cellular communication system has the advantage to be " "mobile" itself. Users can communicate
with each other anywhere aslong as their relative distance is within specification. The systems that will
be addressed here are also meant for short-distances, for instance to provide ad-hoc indoor
communication links. We saw that code division multiple access (cdma) closely fits the ad-hoc nature of

non-cellular communication systems for indoor use.

Before making a system design it isimportant to have a notion of the resources that are available to build
the system. Chapter 4 therefore deals with the available resources to implement the baseband processing

(synchronization and recovering of the transmitted data-message) of the transceiver. In this chapter we
will conclude that an embedded realization almost completely matches our desires towards an
implementation. We will also motivate why a transport triggered architecture provides a good processor
framework.

The starting point of the system specification will be an analysis of the customer's wishes. Although this
aspect was already partly covered in the first sections of this chapter, chapter 5 clarifies the user

demands. That chapter also deals with the next step in system design: ~"How to trand ate the
user-demands into a system-specification?'.

Chapter 6 addresses the relation between the bit error rate and the signal to noise ratio before analog to
digital conversion. Also specific cdma related issues as code-sel ection and code-synchronization are also
addressed.

Before we can actually map the system-specification on the available resources, a major problem has to
be solved. The system engineer'sideas usually turn out to be too demanding to fit on the available
hardware and software. To this end chapter 7 introduces a number of simplifications to the receiver

algorithm, to validate these steps an evaluation of the introduced performance loss will be made.

Now that thereisa " redizable" system design in the form of an algorithm, a start can be made mapping
this algorithm on the available resources. A hardware/software partitioning stage is required as we
selected an embedded system concept to realize the baseband processing. The hw/sw-partitioningprocess
using the partitioning tool HSpartis addressed in chapter 8. The chapter concludes with an evaluation of

the partitioning results of a practical application.

How the actual co-design is done will be discussed in chapter 9. Here the application specific hardware
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Overview

modules as well as the transceiver's firmware are described. This chapter also deals with the usage of a
co-simulation tool. Co-simulation is important in the evaluation of the cooperation of both hardware and

software.

After discussion the important aspects existing in the realization of a communication system, an overall
conclusion towards the followed tragjectory will be given in chapter 10.

For the reader's convenience, aglossary isincluded at the end that summarizes all symbols and
abbreviations used throughout this thesis. An index provides the ease to ook up certain terms.

%
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Introduction

Apart from system constraints, implementation issues are to be considered as well. In this chapter we will
discuss the the implementation concept, the cad-tools to apply and the available resources. It isimportant
to face these aspects before doing the actual system design. In this way impractical designs can be
discarded at an early stage.

Next section addresses implementation problems specific to real -time applications like wireless
communication systems. It will be shown that there exist good reasons for applying an embedded system
design methodology. The embedded design trajectory will be discussed as well.

In designing an embedded system the choice of processor is of great importance. The performance and
structure of such a processor influences the choice of what functionality to implement in software under
the existing constraints. The choice of a processor architecture is discussed in section 4.4.

Once atarget processor architecture is chosen and the system is formally described, the
hardware/software (hw/sw) partitioning stage can start with the automatic generation of profiles. Section
4.5 outlines the requirements we have for the results of this stage.
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Why an Embedded Realization?

Most transceiver architectures have a natural partitioning into two parts: an analog front-end and a
digital back-end. The implementation of the latter, and the baseband processing (synchronization and
recovering of the transmitted data-message) in particular will be the focus of the following discussion. To
enable this discussion, an unambiguous algorithmic description of the digital back-end isrequired. An
additional requirement is that verification of the system should be possible. For this reason it isimportant
that the algorithmic description can be smulated easily. A programming language like C can for instance
be used for this purpose.

Baseband operations exist to alarge extent of controlling functions and mathematical processing. For
this reason it would be appropriate to implement the baseband processing completely in software.
Software implementations have the advantages of being cheap (no application specific hardware) and
flexible. However, softwareisin general slow compared to hardware.

Whether the complete operation can be implemented in software depends on the timing constraints that
exist for a certain application. For the target system it is aready questionable whether today's computers
are sufficient. Consequently, it isinfeasible to implement the compl ete baseband processing on the
resources we have available.

Real-time systems with hard timing constraints like TV -sets, automotion systems, radio-receivers etc. do
not function properly if timing constraints are not met. Thisin contrast to systems which do not show
hard timing constraints like laser-printers, washing-machines etc. In such applications timing affects the
speed, not the functionality.

Obvioudly, if aTV-set ison average not able to process one frame before the next frame starts,
functionality islost. Most communication systems are examples of real-time systems with hard timing
constraints. Like in the TV-set example, processing has to be completed within afixed frame, otherwise
the system does not work correctly.

As a consequence, there is not a simple trade-off between cost and speed. To enable proper operation, a
minimal processing speed has to be satisfied if the performance is fixed. Due to the hard timing
constraintsit is unlikely that implementing the transceiver exclusively in software will still be possible. A
logical solution now isto move certain functionality from software into hardware to preserve software
domination.

This observation leads to an embedded system: an embedded system implements certain real-time
functionality by using an optimal combination of dedicated hardware and software working together and
concurrently. Another property of an embedded system isthat it runs the same software over and over

again.
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Once a communication procedure is completely specified, it has to be decided what functionality to put
in hardware. Traditionally an embedded system was just a piece of hardware and one or more processing
elements which cooperated to perform a certain functionality. After the manual partitioning of what
functionality to implement in hardware and what to do in software the two parts were implemented
independently.

Nowadays requirements concerning efficiency are getting more stringent. For this reason the interaction
between hardware and software has to be taken into account in the design process. By designing the
hardware and software parts of a system " "together”, the barrier between the two parts lowers. It now
becomes possible to move functionality from hardware to software and the other way around.

Usually an embedded design trgjectory starts by writing an algorithmic description of the target system
in a high-level language. Then the designer isin control of choosing a processor, doing the
hw/sw-partitioningand designing the different parts [ Str94].

Different opinions exist on the process of hardware/software partitioning. In many situations, people
define an embedded system as consisting of a combination of a general purpose processor and a
co-processor [EHB93], or as a standard programmable element together with an asic [GCD94]. In these
situations, a gap between hardware and software still remains. To reduce the distance between hardware
and software further, the software and hardware parts of a system can be implemented in the same
processor framework. Such an framework can for instance consist of a single chip.

Asthe hardware and software parts are designed concurrently, the hardware and software parts are now
optimally ““tuned" to each other. In that case the processor-architecture can be configured in such away
that user-defined functionality can be included as well as general purpose functionality. The question of
hw/sw-partitioningnow becomes the question of what application specific functionality to include in the
processor framework.

Still the question remains of what functionality to implement in hardware and what functionality to put in
software. In our point of view the designer should be presented alot of profiling results which can be
used by the designer to efficiently evaluate the large design space.

A number of issues exists in the partitioning process:

1. Asadesigner isusually ahardware designer or a software designer, he/she will have an eye for
either an hardware or an software optimization, not for the complete system. A tool that gives
““objective” profiles has advantages from this point of view.

2. Asthe size of the systems grows, it is getting more and more difficult for a designer to keep track
of al relevant details.

3. Anautomatic system is capable of reviewing alarge number of sample-points from the large
design space of the hw/sw-partitioningprocess. From there the designer is ableto get a ™ feeling”
for the possibilities.

4. An automatic tool enables the development of tools with which non-experts can arrive at
acceptable designs.

5. Although we state that it would be advantageous that non-experienced designers will be able to
solve the hw/sw-partitioningproblem, there is no tool available to us capable of providing this
service. It istherefore still required that a designer staysin control of the partitioning process.
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To summarize: Implementing the baseband processing of a communication transceiver completely in
software would nicely fit its nature and provide aflexible and cheap solution. In many situations
however, hard timing constraints disqualify this approach. As aresult, part of the functionality hasto be
implemented in hardware. Therefore an embedded implementation is proposed to obtain an efficient
design. In such a system the hardware and software parts form a single framework. An
hw/sw-partitioningtool is required to help the designer obtaining a hw/sw-partitioningthat can be verified
using co-simulation in a later stage.
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The design process

There are three inputs to the design process:
« Soecification
An algorithmic description that specifies the behavior of the system.
« Congtraints

There are constraints to be satisfied during the implementation stage. These can be for instance
timing, area or power constraints. We will concentrate on both timing and area constraints.

o Processor architecture
The choice of a processor architecture family is essential asit has alarge influence on the costs of
software implementations. It is however time costly to evaluate different processors and the choice
should off-line: it affects the partitioning process from the very beginning.

After supplying these inputs atrans ation stage starts. Here the system specification is analyzed to select
those functions for which the hw/sw-partitioningquestion plays. This translation results in two graphs:
firstly a control-flow graph that shows the sequence and parallelism of operations to be performed. And
secondly a data-flow graph that represents the data transport between operations.

For all functions and variables appearing in these graphs cost-data has to be supplied. This data appears
in the form of tables: for all possible implementation choices and interfaces, cost-numbers on areaand
timing are provided. As afast aternative usually takes more area than a slow implementation and vice
versa, these tables will typically show atrade-off between area and speed.

The graphs, constraints and delay/area trade-offs are the input to the hw/sw-partitioningstage. During
this step the hw/sw-partitioningdesign space is evaluated to arrive at an optimal partitioning for the given
inputs. Thisis an interactive and iterative process: before a partitioning run, the designer is able to lock
functions into certain alternatives and to let the tool optimize for sets of remaining functions. If the result
IS not satisfactory another partitioning run can be started.

Once a partitioning result is accepted, the implementation aternatives should be implemented. To verify
the cooperation between hardware and software however, first a co-simulation of the selected
configuration is performed. On basis of the co-simulation results we may want to start the
hw/sw-partitioningprocess again or change the input specification. After obtaining satisfactory simulation
results, the actual hardware can be realized.
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Figure 4.1: Embedded system design process
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It is evident that lowering the barrier between software and hardware as much as possible leads to an efficient
implementation in the sense that hardware and software aimost seamlessly work together. However, before
performing the hardware/software partitioning stage, a processor framework hasto be selected. The choice of
aprocessor framework isimportant: it determines to alarge extent the costs of the software implementations.
The following requirements are formulated for a processor framework:

1. Generality
It should be possible to fully configure the processor core with desired “"general purpose” functionality.

2. Easy incorporation of dedicated functionality
Dedicated functionality also has to be implemented within the processor framework.

3. Uniforminterfacing
The interface between the processor-core and general purpose functionality or application specific
functionality should be uniform. If however, application specific functionality has external 1/0O, a
processor-hardware synchronization protocol is likely to be required.

4. Various execution times
Different functionality will show different execution times, the processor has to adapt to this property.

5. Instruction parallelism
An important advantage of an hardware realization is that it enables parallel processing. If the processor
architecture is sequentially going through a set of operations, or stays idle while application specific
functionality is active, this advantage is lost.

The so-called transport triggered architecture (tta) [Cor95] closely fits these requirements. This clocked
architectureisillustrated in figure 4.2. Central to atta-architecture is a set of busses. Different kinds of
functional units (fus) can be connected to these busses via so-called sockets.
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Figure 4.2: Structure of atransport triggered architecture

An futypically has three registers. an operand register, atrigger register and a output-register. The operand and
trigger registers are inputs. As soon as a trigger-register detects new data, the fustarts its operation. After a
certain “latency" (execution timein clock cycles), the result appears at the output-register. For example, to
add two numbers a and b, ais moved to the operand register of the adder-fuand b is moved to the
trigger-register. After that, the addition starts and a number of cycles (latency) later the result can be read from
the output-register.

The advantages of this architecture are its ssmplicity and flexibility while preserving its completeness: it is still
possible to use the processor in general purpose situations. The flexibility however is also creating a new
problem: how to handle the large design-space? We aready mentioned that the number and kind of fus can be
chosen freely, but other parameters have to be specified as well.

bus width

The bus width determines the size of the words to be processed by the fus. Typically multiples of 8 are chosen,
today's computers often show a bus width of 32 [Cor95]. This number however, islikely to be an overkill for

embedded systems as our target system. Asthere are a number of busses, reduction of the bus width leadsto a
smaller area-occupation. As aresult atrade-off between the possibility to handle large numbers and
area-occupancy becomes visible.

number of busses

As the fus can operate concurrently, the degree of potential parallelism is determined by both, the number of fus
and the number of busses. As a bus consists of a number of data lines (bus width), reducing the number of
busses again leads to substantial area saving (potential parallelism against area).

width of address-bus

Beside a data-memory, also an instruction-memory exists. This instruction-memory contains the moves that
have to be performed. The wider the address-bus, the more fus can be addressed in a processor and the more
flexible the processor becomes (flexibility against area).

number of register-units
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As aregister-file enables the processor to have fast access to temporarily data, the size of the register file
determines to a certain extent the speed of a process (speed against area). A constraint towards the minimum
size of the register-file however exists (to enable scheduling [Hoo96]).

Concluding: we saw that atransport triggered architecture is quite suitable as an processor framework in an
embedded system such as our target system. This architecture will be the basis for implementing the baseband
processing. In chapter 9 a detailed description of the mapping the receiver algorithm onto this processor is

given.
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Requirements for the Hardware/Software
partitioning stage

Evaluating the large design space of hardware/software partitioning isinitially impossible without the
usage of automatic tools. To this end, tools are being developed. Examples are cosyma [EHB93], vulcan

[GCD94], paes-i[BISHI6] and HSpart [KO95, Kar95].

These tools require cost-data on the possible implementation alternatives to find profiles. Asthe
cycle-time is bounded below by the chosen processor architecture, we will express timing-costsin terms
of latencies. the number of cyclesthat it takesto complete an operation. Area cost is expressed in terms
of gate usage.

As cost-datais not available at this stage, the designer will usually have a hard time collecting it. A safe
way to do this, is by designing the actual software and hardware implementations and then use profiles
and simulations. This however introduces the need for extra manpower. In general even the dataresulting
from such exercises will contain uncertainties which in their turn introduce the risk of obtaining
inefficient or even invalid partitioning results. So investing much effort in the extraction of cost-datais
not a guarantee for obtaining an optimal result.

This problem can be coped with by applying HSoart, atool built on top of the castle-environment
[TSV94]. The application of thistool avoids the requirement to supply exact cost-data. The algorithm
implemented in this partitioner usesimprecise (possibilistic) input data: supplying a  most-possible"
value, a  minimum" value and a” maximum" value is sufficient. Usually it is not difficult to find these
numbers. For instance area-costs. a minimum value can correspond to the number of gates you need
without wiring while the maximum value can correspond to the result a fast layout-run. The influence of
the most-possible value can be controlled. The salient feature of HSpartis the possibility to control the
risk of getting out of the specification due to wrong-guessed cost-val ues.

To summarize, we expect the hw/sw-partitioning-stage to be guided by an automatic tool but controlled
by the designer. It should provide the following:

1. Profiling results of possible hardware/software partitionings.

2. Suggestions concerning the amount of ~ standard functionality” to include in the processor
framework.

3. Suggestions how to handle clustering: what functionality can be combined to arrive at a reasonable
number of application specific functional units?
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Available resources

The choice of what resourcesto use is essentially based on the the available resources at the circuits and
systems group in Delft. The ocean [GS93, Str94] tool-set provides placement and routing for semi-custom
Sea-of-Gates ic-design. At the same moment such ics can be further processed at dimes.

The digital part of the transceiver should therefore, if possible, be implemented on asingle Sea-of-Gates
(sog) chip. Such achip is based on a semi-custom ic fabrication process available in Delft and uses the
fishbone image: a gate-isolation image in a 1.6 pL cmos process with 2-level metallization. A single chip has

has about 100.000 n/p-mos transistor pairs. On this chip the hardware-functionality as well as the software
functionality should fit. The sea-of-gates design system ocean isbeing used for prototyping. Asan

illustration figure 4.3 gives a 3-D view of part of a Sea-of-Gates circuit. Achievable clock speedsfor a
processor on Sea-of-Gates are up to 50 MHz.
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Conclusions

The goal of this chapter was to find an implementation frame to be used to realize the digital baseband
processing of the target communication system. We concluded that a complete software realization fits
the nature of the operations to be implemented, however, such an approach is out of the question because
of the existing hard timing constraints. On the other hand a complete hardware realization is not flexible
and expensive. An approach in which hardware and software cooperate seamlessly provides a solution.
Thisiswhat we call an embedded system.

The design-flow existing in embedded system design differs from usual design flows in the sense that the
operation of the target system is partitioned into hardware and software functionality. We saw that an
automatic tool to guide the designer through the large design space is highly desirable to efficiently
perform the partitioning.

An important choice isto select an appropriate processor framework. For efficiency reasons we make
this choice before the partitioning process starts (to limit the enormous design space). After evaluating
our requirements towards such a processor framework, we selected a transport triggered processor
architecture (tta) to be the core of our embedded system.

Another way to limit the design space to a reasonable size was by selecting the available resources. At
the end of this chapter an indication of these resources was given.

%
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Introduction

The system specification stage can be characterized as a trandation of user demands into a technical
specification. In this chapter we will concentrate on the trade-offs that exist during the system design
stage. As an illustration, the design of anon cellular communication system referred to as wissce will be
explained. Thisacronym "“wissce" stands for Wireless Indoor Spread Spectrum Communication
Equipment. This system will function as example of the design process throughout the remainder of this
thesis.

This chapter is primarily focussed on system-level aspects. We however will keep in mind the
implementation issues addressed in the previous chapter. In the next section the trade-offs that exist
between the system parameters will be discussed. Section 5.3 addresses the way the various clocksin
wissce can be derived from a single time-base. The actual choice of parametersis madein section 5.4. At
the end a conclusion shortly summarizes the results of the system specification stage and provides an
summary of wissce's system specification.
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System Specification

In chapter 3 the application domain of the target communication system was already briefly described.

The goal of this section isto clarify the communication concept and evaluate the user demands. In this
way a basis for the system specification can be found.

The concept of non-cellular communication systems requires no installation effort. A complete system
only consists of a set of transceivers and is therefore mobile itself. A group of people might for instance
go somewhere and still be able to communicate with each other aslong astheir relative distance is within
specification.

So anon-cellular solution provides an enormous flexibility whileit is also keeps prices acceptable in the
sense that no additional investment in infrastructure is required, on the condition that the price of asingle
transceiver is comparable to the price of amobilein asimilar cellular system.

To enable communication, connections have to be made which requires aprotocol.  Such a protocol
should fit the flexible nature of the proposed application domain and therefore has to be smple. A ssimple
and effective protocol which will be used in the following, works as follows: an initiator starts
transmission by making a call to an arbitrary other device (addressee). To this end the initiator transmits
using the address (cdma-code) of the intended addressee. Once the addressee acquired synchronization, it
gives an acknowledgement back to theinitiator. If the initiator can synchronize to this message within a
certain amount of time, the transmission of the intended data-message can start. The consequence of this
approach is that during the synchronization stage both transceivers are transmitting simultaneously.
During “"normal™ data communication this duplex connection is also required to remain synchronized. As
aresult the transmission system must provide full-duplex communication links.

Now that the non-cellular concept is explained, the user demands can be evaluated to fix technical
parameters.

1. Universal usage
Paramount to the user is undisturbed, low risk usage. For alarge number of countries this means
that a communication system has to obey legal requirements. The dutch situation requires spread
spectrum communication systems to operate in the 2.4 GHz | SM-band. In most other western
countries this frequency-band is available as well. The usage of this frequency band imposes a
number of restrictions. The most stringent restriction is the bandwidth limitation. In the following
we will refer to this user-demand as " meeting legal requirements’.

2. Reliable operation
Users wish error-free transmission. As complete error free transmission is not possible, the error
probability should be minimized. In data communication it would be possible to " retransmit”
erroneous messages on the cost of alower transmission capacity. For voice applications however,
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10.

11.

thisis not possible.

In-door usage

The system is targeted for short distances so an important application will be as indoor
communication equipment. Consequently operation in the (hostile) in-door environment should be
possible.

High transmission capacity

Pure data communi cation applications nowadays demand high transmission speeds. The
transmission speed is however limited by the available bandwidth and the number of users that
have to be allowed in the system.

High active user capacity

A difference can be made between ""active user capacity” and " “total user capacity”. The first
capacity is determined by the amount of interference that can be allowed in the system. The total
user capacity however, is determined by the number of available addresses (cdma-codes). At this

point the focusis on the "active user capacity”.

Large area coverage

An important consideration is the maximum allowed distance between users. The system is meant
for short-distances. For flexible usage however, this " short-distance" should be not too short. On
the other hand the larger the distance, the higher the energy usage will be and the more
interference will be generated for the other (near) users. The latter results in a worse mean
receiving quality.

The further users are apart, the worse the receiving quality will be. So the radio link will fail
T softly”.

Low purchasing costs

The complete communication systems consists of only transceivers and is meant for the
mass-market. In comparison with cellular systems, a non-cellular approach provides flexibility. It
Is however important that the price of atransceiver is comparable to that of mobilesin asimilar
cellular system. The purchasing costs therefore should be low.

Low operation costs

Power consumption should be low to decrease operation costs. A service provider is not involved
as the system does not depend on an infrastructure.

Flexibility

The system should be flexible in the sense that many different applications can be allowed.
Mobility

A complete communication system consists of only transceivers and is therefore mobile itself. For
the situation in which atransceiver is used in amobile situation (e.g. as hand-held), power
consumption should be low as well.

Short accesstime
The time to build atransmission link should be short.
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meeting legal requirements | 4+4++ - -
in-door usage ++ + |+ | + -
high transmission capacity ++ | + | + | + + + -
high user capacity -+ + | - + | 4+ +
reliable operation ++ + | - + | + | + [ +
large area coverage + -+
low purchasing costs + - - - - - - - | +
low operation costs + - - |+ | +
flexibility ++ + | + +
mobility + -
short access time + + | - - + -

Table5.1: relation between user-demands and technical properties

In table 5.1 the relation between important user-demands and technical specificationsis given. At the left
side of the table the user-demands are listed that were described above. At the top technical properties are
given. In thefirst column the relative importance of a demand for the user is shown. A single " +" means
““rather important” while " +++" expresses a meaning of ~“mandatory". For instance: "meeting legal
constraints” is mandatory while ""large area coverage” is only desirable. The next 7 columnsto the right
show the relation between user demands and technical properties like bandwidth, processing gain etc. A
“"+" on one hand expresses a positive relationship: the larger value of the property (for instance ™ larger
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bandwidth"), the higher the customer satisfaction. On the other hand a ""-" shows a negative relationship,
to satisfy the user the property should have alow value. The right 2 columns show properties for which
grading does not make sense. A " +" expresses in these columns that a user-demand isin favor of the
property whilea ™ -" shows the opposite.

From the table we observe that different user demands lead to contradictory technical solutions. For
instance a " high user capacity” isin favor of alow symbol rate while ""high transmission capacity"
wants the opposite. Thisis the reason for taking the relative importance of all user demands into account.

The available bandwidth is an important system parameter and therefore the first property to be described
in more detail (section 5.2.1). After fixing the available frequency-bands, it islogical to treat the

symbol-rate and the number of bits per symbol to find arelation between cdma spreading-factor, bit-rate
and available bandwidth (section 5.2.2). The cdma-spreading technique and processing gain is addressed
in section 5.2.3 while the modulation-format itself is coped with in section 5.2.4.

The term front-end complexity can be interpreted as the number and quality of the components used in
the front-end. Asthis property and the output power are strongly related, they are both dealt with in
section 5.2.5. The required reliability (" reliable operation”) is addressed in section 5.2.6, then finally

section 5.2.7 addresses the interface between the analog and time-discrete domain.

Obtaining the system parametersis a highly iterative stage, all parameters influence each other. Asa
result it is difficult to discuss the system design process step by step. The following sections shows an
attempt. However, cross-references throughout the sections can not be avoided.

Frequency bands

In the Netherlands the available frequency band for spread spectrum communications is the so-called
2.4 GHz ISM-band" with atotal of 30 MHz (2445-2475 MHZz).

We saw that full-duplex communication links are required (page ). If using a single frequency band
for both receiving and transmitting, a transmitter will function as a near-interferer to its own receiver and
correct data transmission is hardly possible. For this reason the available 30 MHz frequency band has to
be divided into a transmission and a reception band. An additional problem isthat both bands cannot be
located directly next to each other: a guard-band is required to allow for filtering in the front-end.

At this stage a trade-off between occupied bandwidth for a single channel ( W41 ) and requirements

towards the front-end can be observed. The higher the occupied bandwidth, the higher the possible data
speed and processing gain but the steeper (and more expensive) filters are required in the front-end. Asa

compromise we propose a guard-band of 10 MHz. This fixes HW, 541 to maximally 10 MHz as well.

An important issueisthat as atransceiver can be both an initiator and an addressee, it should be possible
to swap transmission and reception band. This imposes extra requirements on the front-end.

The frequency-plan as introduced in this section isillustrated in figure 5.1.
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Figure 5.1: Recelve and transmit frequency bands

Transmission capacity

From table 5.1 it is clear that the user desires a high transmission capacity (overall data speed). However,

it can also be seen that this user demand leads shows conflicts with the demands " “low purchasing costs”,
““short access time”, "meeting legal requirements’ and others. As a result a compromise should be found.

The relation between occupied bandwidth, processing gain and data speed is:
Bthtal:Gp'rsymb‘I‘ﬁmnd (3.1)

where (7 p isthe processing gain (see chapter 3, page ). ﬁmd expresses the extra bandwidth usage

due to the applied modulation type which is usually small in comparison with the other bandwidth term.
A plot illustrating this trade-off is given in figure 5.2.
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Ny red| x 10
Figure5.2: Trade-off between processing gain and symbol-rate

The symbol-rate (¥ gymb ) can be expressed in terms of the bit-rate (+4 ):
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ra 2% log{(# modulation levels) - £, - (52)

From these formulas follows that the data speed can be increased independently of the occupied
bandwidth by increasing the number of modulation levels (= number of bits per symbol). However,
increasing this number of bits per symbol increases both the implementation cost and the bit error

probability.

Summarizing: increasing the data speed leads to either alarger bandwidth occupancy or higher hardware
costs and aworse bit error rate.

Figure 5.3 shows the trade-off between data speed and the number of modulation levels. This plot makes
clear that it is advantageous to have a rather small number of modulation levels. the data speed increases

with the ™ 2 lo E " of the number of levels while the data detection complexity increases linearly.

Appropriate choices are 8, 16 or 32. The actual choice of parameters will be made after considering all
trade-offs (section 5.4).
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Figure 5.3: Trade-off between data speed and number of modulation levels

CDMA technique

It was aready shown that cdma (Spread Spectrum) techniques have very promising properties for using
them in a communication system that has to provide ad-hoc communication links. However, each
technique has its own disadvantages: direct-sequence suffers from the near-far effect, whileit is hard to
obtain a high processing gain with frequency-hopping.

In cellular systems  the near-far effect can be reduced by applying power-control. Power-control is
an algorithm in which the transmitted power of the mobilesis controlled in such away that the received
power of all mobiles at the base-station isequal. If such a power control algorithm functions as desired,
near-far effects are not an issue in such systems. In non-cellular systems however, thereisno
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base-station, consequently, power-control is hardly possible.  To retain the advantages of both dsand
fhwhile cancelling their shortcomings, atechnique is selected that combines the large processing gain of

dswith areduction of the near-far effect due to fh. This combined technique will be referred to as the
hybrid ds-fhspread spectrum communication technique.

In this technique, a user-address consists of a frequency-hopping pattern of length Mg and Meg

(possibly different) pn-codes of length IV 5 . The start of anew set of pn-codes and an fh-sequence are

linked. Thisisimportant when regarding the code-synchronization problem (chapter 7, page ). An
example user-address existing of an fh-sequence  of length 7 and 7 pn-codesis shown in figure 5.4.
Every data-symbol is combined with a pn-code causing the direct-sequence spreading. Subsequent
data-symbols are transmitted in different fh-channels according to a certain sequence to perform

fh-spreading. As aresult we use neither fast nor slow frequency-hopping. A frequency-synthesizer only
hasto ""hop" at a speed equal to the symbol-rate.

FH -z epience

r equency -hop
= symbaldime

aarrier | FHoode |

carrier 2 FHeoode &

carrier 3 PHoode 2

carrier 4 PHoode 2

carrier & FMHoode &

carrier & FPHoode 4

carrier ¥ FHoode 7

Figure5.4: A possible user-address

For the relation between Vp 5, IWeg , the symbol-rate and the occupied bandwidth holds:

BWiorl = (Mo + 1) - Nps - foymb + 8 mod (5.3)
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Figure5.5: Trade-off between Wy and o5

For constant BW; tal f'symb and asmall ﬁmd , the trade-off curves shown in figure 5.5 can be

obtained for three values of BW,qta| £symb - Concerning this trade-off the following remarks can be

made:
o lItislikely that the ds-code will be made using shift-registers (so-called " shift register sequences"
[Gol67]). The code-length is then 2 — 1 with n being an integer. For this reason, only the marked
pointsin figure 5.5 are possible trade-off points.

« Increasing W 5 is advantageous (page ) and can be realized at low implementation costs.

o Increasing Wy resultsin the requirement for a more expensive fh-frequency-synthesizer and is

for this reason undesired. A minimum number of fh-channelsis however required to limit the
influence of the near-far effect (near-interference).

To find aminimum value for ¥y , the user demands "reliable operation” and *large user capacity”

are trandated into a technical compromise that maximally 2 near users may be present. Asthe
frequency-hopping sequences are chosen in such away that they have at most 2 partial hits with another
sequence (see section 6.4.2), this compromise converts into the worst case possibility of having at most 4

partia hits per fh-sequence. Furthermore we need at |least two frequency-hopping channels without
near-interference to enable proper synchronization (see aso section 7.3.3) . Asaresult the minimum

value of g is6, avertical line representing this valueis also shown in figure 5.5.

After evaluating other trade-offs as well, section 5.4 will address the actual choice of the values of Vp 5
and Weg .
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Modulation format

An issue not yet addressed is the choice of modulation format. Requirements towards this digital
modulation format are low implementation costs, the possibility of applying multi-level modulation
(having multiple bits per symbol) and a low susceptibility to effects caused by the indoor radio-path.

Three likely candidates for the modulation format exist: amplitude modulation, phase modulation and
frequency modulation. Detection of amplitude modulated symbols is problematic in combination with
multi-level modulation while frequency-hopping in combination with phase shift keying is susceptible to
multi-path effects and requires phase-continuous frequency hopping or areturn-to-zero code.  This
leaves frequency shift keying (fsk) as the better alternative.

A well known disadvantage of fskisthat it requires a larger bandwidth (higher value of ﬁmd ) however

this value will still be small in comparison with the already occupied spread spectrum bandwidth.
Increasing the number of modulation levelsis possible by using more than two frequencies. The resulting
modulation technique is referred to as multiple frequency shift keying (mfsk). An additional property of
frequency modulation is the possibility of non-coherent data detection. This saves hardware costs as a
carrier tracking loop is not required if frequency errors are small.

Front-end related issues

The front-end of atransceiver is responsible for conversion and amplification of the transmitted signal
from baseband to an rf-frequency and transmitting it. In addition the front-end should amplify the desired
received signal and convert it to a baseband signal.

The maximum distance between transmitter and receiver depends on the transmitted power of a
transmitter, the sensitivity of the receiver, the amount of interference that is added to the signal before
data-detection takes place and the required bit error probability (ber).

The system is targeted for in-door communication so the distance will probably be much lessthan 1 km.
Multi-path effects however, can dramatically reduce the received signal-to-noise ratio (see chapter 6,

page ). We will therefore require afree-space coverage of 1 km which corresponds to aloss of 100
dB.

How this trandlates to a required output-power, depends on the “"quality” of the front-end (amount of
interference added), the number of interfering users, the required berand the relation between input signal
to noise ratio (snr) to the baseband processing and ber (see chapter 6). Preliminary investigations showed

that the required maximum output power will be below 1 mW.
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Bit Error Probability

Reliable operation implies alow bit error probability (ber). This performance measure is dependent
both on the received snr-level and the sensitivity of the receiver.

However, using the beras a performance measure immediately introduces another problem. In an indoor
environment fading heavily influences the ber-performance, while the multi-path situation (which
introduces fading) can hardly be caught in a ™ "typical" description. The multi-path properties are very
irregular.

Y et a ber-performance measure isimportant asit gives the best indication of the "reliability” of a

system. A ber-requirement of l':I_5 in an unfaded channel (only Gaussian noise present) without error

correction in combination with the existing multi-path effects and the application of error correcting
coding is expected to result in a satisfactory performance.

In section 6.2 the multi-path effects on the relation between the snrand the berwill be analyzed.

Analog to digital interfacing

Analog to digital conversion consists of two parts. sampling and quantizing. In this section which deals
with the system definition we will only consider the conversion from the analog to the time-discrete
domain (sampling) asit has alarge influence on the system architecture. Quantizing is considered an
implementation issue which will be coped with in section 7.2.

FH-despreading D S-iltering

DS/FH input signal >< DS-signal 1 l-sample
BPF —
(E!-W:‘ID MHEJ Fisamp"ng_in] I'Eﬁﬂ'lPlEka

= -sample
—

NDS rrample clock

Figure5.6: Low-frequency part of the front-end architecture

The more important issue in sampling is where in the architecture it takes place. Sampling directly at the
antennaleadsto aso called “software radio” [Mit95, Bai95, KS95]. Thisimplies large demands on the
sensitivity of the analog to digital conversion and the speed of the digital processing to follow. By
moving the sampling operation from the antenna in the direction of the baseband processing, the analog
part of radio gets more complex (and expensive) while the digital processing becomessimpler. Asa

http://cas.et.tudelft.nl/~glas/thesis/node20.html (10 of 12) [11/23/2001 11:05:42 AM]



System Specification

compromise, sampling will be performed after fh-despreading and filtering (figure 5.6).

A critical choiceisthe input center frequency:
1. zero-frequency is attractive as it enables alow sampling frequency. However due to non-linear

effects, conversion to baseband al so introduces a DC-component. This component isin genera
hard to deal with as this component is located in the middle of the desired signal and can saturate
the sampler. Another drawback is that an extra conversion stage is required.

An intermediate frequency, in this situation the DC-component can be filtered out. A disadvantage
however isthe fact that the sampling frequency should be at last twice the highest signal
frequency. So this aternative increases the minimal sample frequency and consequently the speed
of the digital processing.

Use an intermediate frequency but apply sampling and a frequency trandation at the same time. In
thisway it is possible to convert the signal to DC and enabling a low sampling-frequency while the
usual disadvantages of signals at DC are cancelled.

In the latter approach alow sampling frequency and the absence of any DC-component are combined and

Is therefore the more attractive one. A number of issues concerning the sampling frequency have to be
dealt with:

To minimize the required sampling-frequency, the input center-frequency should be " “folded" back
to DC. For this reason the sampling frequency has to be an integer times this center-frequency.

If the desired frequency-band is converted to around DC, quadrature sampling is required to
distinguish positive and negative frequency components. Consequently, the digital baseband signal
(signal after analog to digital conversion) contains an in-phase and quadrature component.

The sampling frequency should exceed twice the bandwidth of the baseband signal (Nyquist
requirement).

The sampling frequency should be asynchronous to the chip-rate ( ¥, ) to enable proper
code-tracking [FAD86].

Bit error rate simulations showed that a sample frequency of about four times the chip-rate enables

proper operation (the intended quantizing method also plays arole, see section 7.2.1.2 for more
information on this aspect).

As the center of the intermediate frequency-band is converted to DC, quadrature sampling is required to
enable a distinction between positive and negative frequency components. The quadrature sampling

clock will be TC _f 2 rad. of the input center-frequency out of phase with the in-phase sampling clock. This

introduces a quadrature error as atime corresponding to JT _f 2 rad. at the input-center frequency does not

correspond to the same phase difference over the whole frequency band. Thisis areason for choosing the
Input-center frequency high compared to the frequency band used by modulation (ﬁ ).
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Clock control
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Clock control

The term ""clock-control” did not appear as atechnical property intable 5.1. However, this does not mean
that it is not a system issue, it just shows that a direct relation with the user demandsis not obvious. The
clock-control issueisrelated to the frequency plan in the transmitter front-end, the data-detection method and
the requirements of the digital signal processing taking place in the transceiver back-end.

DS-code | processor
ODS SEQUENCE data-in
‘\t BFF C‘F‘—< EFF @[{)‘7 FSW/ data-oug
F -1 F -2 T
< Lo Lo =2 CK pps
i EIF'F"QJ:D— EFF I @ EFF[— SAMFLER
EFF “K campler
OOs
Flo2b @ F 5w
IGH TGH TGH
DOs code P rocessor

Figure 5.7: Schematic view of possible transceiver architecture

The usage of different clocksisillustrated in figure 5.7, this figure shows a schematic view of a possible
transceiver architecture. Both the transmitter (upper) and the receiver (lower) chain) are shown.

The tranglation from a baseband signal to the rf-transmit frequency is done in a number of steps (super
heterodyne). In the transmission chain a frequency-hopping synthesizer (direct digital synthesizer: dds) takes
care of data modulation (mfsk, via afrequency setting words: fsw), fh-spreading (also viathe fsw) and

ds-spreading (using a ds-code sequence). To generate the ds-code sequence, a code-clock ( CKcoge ) is

required. The output signal of the ddsis both ds-spread and fh-spread and will be converted in two stages (
fioland fi.o2a) to the rf-transmit frequency.

In the receiver chain the rf-signal is converted to baseband in two steps. First using local oscillator signal
ﬁ_ol to go to an intermediate frequency and secondly using a second local oscillator signal to convert the

signal to baseband. This second local oscillator is not fixed, it “"hops" according to a pattern directed by
frequency setting words (fsw). After the second conversion stage the signal is sampled using a sampling clock
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( CKsam.pJ.cr ) to enable the remaining of the processing (including ds-despreading) in the digital domain.

From the above discussion it appears that spreading is performed in the ““analog” domain while despreading
is done after sampling. The reason for thisisthat spreading is easily combined with the generation of the
transmit signal (in the dds) whilein the receiving chain more despreading paths are required (see section
7.3.3) so adigital ds-despreading operation is profitable.

Section 7.4 will more specifically address the front-end. A conclusion at this stage is that several
clock-signals are required:
1. Front-end clocks, to enable the trand ation of baseband signals to and from high frequency rf-signals (

fiol, fo2aand A.028)
2. Aninput clock to the frequency-synthesizer that performs the frequency-hopping spreading (CK.ms

)
3. Severa clocks used by the digital baseband processing: the sample-clocks ( CKsampJ.cr )and a

number of processor clocks ( E[{plmcsm- ).

Front-end clocks

Front-end clocks are required as local oscillator signals to translate baseband signals to high frequency
rf-signals and vice versa. Asthereisauser demand to meet legal requirements, the rf-frequency isin the 2.4
GHz ISM-band. The exact local oscillator frequencies depend on the frequency plan of the front-end.

A related issue is the fact that when generating frequenciesin the 2.4 GHz band, considerable frequency
errorswill appear due to the limited accuracy of acrystal oscillator. If applying a coherent data demodulation
scheme, the frequency error must be controlled (by a carrier tracking loop). To avoid this effort, we chose a
possibly non coherent data detection method (section 5.2.2) where the maximum acceptabl e frequency error

follows from the modul ation method (see section 7.3.1).

There are two ways to compensate for the inaccuracy of standard crystal oscillators at an rf-frequency of 2.4
GHz: either by using a carrier-tracking loop or by applying a more accurate crystal oscillator. The
inaccuracies in the output-frequency are mainly caused by temperature dependencies. A “~more accurate”
crystal oscillator can therefore be based on the principle of an mexo(microprocessor controlled crystal
oscillator) [BMH89] where using the property of acrystal that it can resonate at different frequencies

simultaneously. A dual-mode oscillator provides both the fundamental frequency ( f5damental ) and the
third overtone ( £3_gvertone ). BY frequency subtraction of the third overtone and three times the

fundamental, a beat frequency is obtained:

fb:at — f3—cm:1‘b::n: -3 fﬁ.mdam:ntal (5 4)

This beat frequency provides a measure for the temperature of the crystal. This measure can be used to
control the output frequency. mcxo's are commercially available and reported accuracies are better than
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3- 1078 [0-T94.

Our approach towards an inexpensive implementation of this principle is to extract the beat frequency in the
usual way and then use this frequency to control afractional-N frequency synthesizer to get an accurate
reference frequency [Reqg].

To summarize: The main problem towards the generation of the clock-signalsin the front-end is the
accuracy. To solve the problem we propose to apply a crystal oscillator based on the principle of an mexo.

fh-synthesizer clock

The fh-synthesizer clock isrequired as areference clock to the frequency synthesizer that provides the
““hopping" carrier. To enable rapid hopping from the one frequency to an other, a direct frequency synthesis
technique should be applied. A direct digital synthesizer (dds) isan amost perfect compromise between all
requirements and is therefore sel ected.
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Figure 5.8: Principle of adirect digital synthesizer (dds)

The dds-principleisillustrated in figure 5.8. Every clock cycle adigital frequency setting word (fsw) is added
to an accumulator. The contents of the accumulator represents the phase of the output signal. This phase
representation is converted into awaveform and then into an analog output signal. By changing the fsw, it is
possible to change the output frequency. In thisway a "hopping" frequency synthesizer can be realized.

The ~“sampling"-frequency of the digital to analog converter should exceed twice the desired output
frequency of the dds. Asthis " sampling"-frequency is equal to the clock frequency, the latter is an important
parameter. To fix avaue for this clock, the desired output frequencies should be known. The exact

frequencies however are not fixed yet (dependent on ey, Vp s, data speed, etc.), but the occupied

bandwidth is about 10 MHz. This means:

1. Astheddshasto "hop" throughout the whole frequency band of 10 MHz, the frequency-band to be
covered is 10 MHz as well.

2. The clock-frequency should be as low as possible to save power and alow for an inexpensive
implementation.

3. The center-frequency should be as high as possible to reduce mirror-frequencies in the front-end.

4. The combination of center-frequency and clock-frequency should be chosen in such a way that
harmonics do not fold back in the desired frequency band.

If acenter frequency of about 25 MHz is used, the clock frequency should then be approximately 80 MHz.
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The exact values should be chosen in such away that they " fit" other constraints.

Baseband processing clocks

There are mainly 3 categories of low-frequency clocks: sample clocks, processor clocks and the transmitter
code-clock.

Sample-clock signals

used in the analog to digital conversion of the input signals. Those clock signals were addressed in the section
5.2.7 on analog to digital interfacing.

Processor clock signals

As motivated in the previous chapter, the digital back-end will be implemented as an embedded system. The
processor architecture which is the core of the embedded system as well as some of the application specific
functional units need various clock-signals:

1. All processor clocks should be synchronous to avoid timing problems.
2. To enable an implementation on Sea-of-Gates, the main processor clock should not exceed 50 MHz.

3. The processor-clock should be high enough to enable the completion of awhole " software"-loop
within a single symbol-period.

4. To control interfering signals, the exact processor clock frequency should be chosen in such away that
afixed relationship with other clocks exist.

Itislikely that the main processor clock will be in the range 30-50 MHz.
Code-clocks

Two code-clocks exist in atransceiver: the receiver code-clock and the transmitter code-clock. In the
receiving chain despreading is performed digitally (see section 5.2.7), the receiver code-clock will therefore
be derived from the processor clock.

In the transmitter chain however, ds-spreading is performed in the transmitter-ddsusing a ds-code sequence
that is generated within the processor framework. To enable the generation of the ds-code signal at the
appropriate frequency a code-clock signal is required. The frequency of this clock is equal to the chip-rate:

ro = NDS - Foymb - (3.3)

As can be seen from this equation, the exact frequency of this clock signal depends on system parameters
addressed before.

To summarize: in the clock control section we concluded that several clock signals occur in atransceiver. To
avoid synchronization problems all clocks should be derived from the same reference clock which is accurate
which implies afixed relationships between all clocks.

The exact frequencies of a number of clock-signals are also dependent on several design issues discussed
before. Those frequencies as well as a possible clock scheme will be discussed below.

http://cas.et.tudelft.nl/~glas/thesis/node21.html (4 of 5) [11/23/2001 11:05:46 AM]



Clock control

Mﬂ F’reviaus” Cﬁntentsﬂ Index

Next: Fixing the system parameters Up: Hybrid DS/FH Spread Spectrum Previous. System Specification

© Jack P.F. Glas

This page has been visited times and was last modified on Tue November 12, 1996. Comments and questions can be addressed

to the WWW Coordinator.
Contact the Webmaster if you have any technical problems.

http://cas.et.tudelft.nl/~glas/thesis/node21.html (5 of 5) [11/23/2001 11:05:46 AM]


mailto:glas@cas.et.tudelft.nl
mailto:wwwcoord@cas.et.tudelft.nl
mailto:webmaster@cas.et.tudelft.nl

Fixing the system parameters for wissce
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Fixing the system parameters for wissce

Although still various parameters of wissce have to be fixed, a summary of the already established relations

IS

I..r isareference clock-frequency from which all clocks required in atransceiver are derived. #i; and k; are

integers. This set of relations can be divided into two parts. system-related issues and clock-control matters.

{NFH+1}'NDE'rs}rme= lD I'Fﬂ‘IZ
Neg 2 0

r, =2 log(# modulation levels)- F symmb

# modulation levels = 8, 16 or 32
30MHz< CRyrocossor = :—1
1

CKppg = :—jfmfn 80 MHz

f < SOMIz
3
2f
k3 <t
fly
EI{samijng — Efn:f” 4 Cch:dc

fsam.pl:r—fln —fi5 CKsamijng

Fe ZCKCnd::NDS'rS}rmb:

System related issues

Common data communication systems nowadays have data-speeds of at least 64 kbit/s. To leave some space

(5.6a)
(5.6b)

(5.6C)
(5.6d)

(3.62)

(5.61)

(5.6g)
(5.6h)
(5.61)

for error-correction we therefore choose a target data-speed of 80 kbit/s, thisfixes¥ ;.

To find the symbol-rate the number of bits per symbol hasto be determined. A large number of bits per
symbol leads to a more complex data detection circuit while it decreases the required bandwidth. By choosing
the number of bits per symbol to be 4, the modulation format becomes 16-mfskand the symbol-speed 20

ksymbol/s.

Evaluating equation (5.1) now results in a processing gain of about 500. This number has to be divided over
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Nt 5 (Ilength of ds-code) and g according to formula (5.3). Increasing [V 5 i's advantageous for a number

of reasons (see page ) while increasing [¥ry leads to a higher reduction of the near-far effect. This
trade-off was shown in figure 5.5.

Two constraints exist: the minimum value of Mg is 6 and for Vi 5 only certain numbers are possible (

2™ —1). From earlier discussions followed that ¥ 5 should be as high as possible while increasing Meg
leads to higher implementation costs. From figure 5.5 we conclude that a proper value for Wp 5 is 63, for the

resulting value of e follows 7 and the chip-rate (¥, ) is 1260 kHz (equation 5.5).

The power density spectrum of ads-spread signal has aSj;,?IIC2 shape where the zero-values are the chip-rate

apart. For this reason the fh-spacing is fixed to be equal to the chip-rate ( Axyy = 1260kH=Z ). To obtain

orthogonal frequency shift keying, the frequency-distance between the mfsk-frequencies should be an integer
times the symbol-rate. To mi nimizeﬁmd , Apgy isfixed to be 20 kHz.

Clock related issues

With the system related parameters fixed, it is possible to make the clock relations more specific. The first
observation is that CK3mg is the highest clock and is therefore the most obvious to use as a reference clock.

The generation of both the sample-clocks, the processor-clock and the code-clock can then be done as
follows:

re = Ceoge = 1260kHz (5.7a)
CKpps = 65CKcode = 81.9MHz (5.7b)
CK processar = % .CKpps = 41.6MHz (5.7¢)
CK campling = :—3 .CKpps = 5.2MHz (5.7d)
foemplerin = % .CKpps = 10.4MHz (5.7¢)

A clock scheme that is capable of generating these clock signalsis shown in figure 5.9. This clock schemeis
built from two phase-lock-1oop loops (see also [Zwad6]).
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Figure 5.9: Proposed clocking scheme

Thefirst loop is afractional-N synthesizer, with an input frequency of 7 MHz and in the feedback |oop a
divider capable of dividing by 11 and 12. The mean division ratio is 11.7, which results in an output
frequency 81.9 MHz. The exact division ratio can be controlled by the beat-frequency (mcxo-principle).

Dividing the 81.9 MHz clock by 65 produces the transmitter code-clock ( ¥chip ) and a 63-divider produces

the input clock to the second loop. Thisloop is afrequency multiplication loop. The input frequency is
derived from the 81.9 MHz clock by dividing that frequency by 63 (1.3 MHz). In the feed-back loop the
signal isdivided by 32. The output-frequency is 41.6 MHz (processor-clock). From the outputs of the
32-divider, it is possible to generate the other clock-signals with their appropriate phases such as the receiver
code-clock and the symbol clock.
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Conclusion

In this chapter a system definition for a non-cellular wireless communication system is formulated. It
turned out that different user demands lead to contradictory technical solutions. Evaluation of the existing
trade-offs in those situations resulted in effective compromises. This process applied to the wissce-example

resulted in a system-specification which is summarized in table 5.2.

CDMA technique DS/FH (1 symbol per hop)
kind of data modulation 16-MFSK
Npg direct-sequence code length 63
Neg  frequency-hopping code length 7
Arg  frequency-hopping spacing 1260 kHz
foymp Symbol-rate 20,000 symbols/s
Argg  MFSK-spacing 20 kHz
ry data-rate 80 kbit/s
r. code-rate 1260 kchip/s
rey  hopping-rate 20,000 hops/s
nitiator transmit band 2445-2455 MHz
initiator receive band 2465-2475 MHz

CKeampling  sampling technique/frequency quadrature, 5.2 MHz
foamplerin  iNput center-frequency to sampler  10.4 MHz
CKpps DDS input-clock 81.9 MH=
CKorcessar  pProcessor clock 41.6 MHz

Table5.2: overview of system parameters

Concerning the multiple-access technique, a high processing gain of direct-sequence is combined with
reduction of the near-far effect due to frequency hopping. The resulting concept so combines the best of
two worlds while cancelling their shortcomings.

To generate the required clock-signals in the transceiver, a single time-reference is mandatory. We saw
that a clocking-circuitry consisting of two phase lock loops and a number of dividersis capable of
generating al necessary clocks.
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Introduction

The large number of factors that determine the sensitivity of areceiver can be split into two categories:
front-end and digital baseband processing issues. This chapter concentrates on the latter: the relation
between the bit error rate (ber) and the signal to noise ratio at the input of the sampler (input-snr). Once
this relation is known, requirements on the front-end architecture and the received signal strength can be
formul ated.

To incorporate the important issues of multi-access interference and non-ideal despreading, first the
degradation of the input-snrdue to these factors will be addressed. Thereafter the relation between the
berand the input-snrfor a Gaussian Noise channel and a multi-path channel is analyzed.

For the ber-analysis, pn-codeswill be assumed to be random. This approach enables an analysisand is
commonly used [Pur77, Wan91, Ger85, Tur84]. In practice however, the codes will not be completely

random. For this reason, section 6.4 addresses the code sel ection process.
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Degradation of the data detection snr

A number of system properties cause a reduction of the snrlevel at the input of the analog to digital
conversion. Both non-ideal despreading and multi-access interference degrade the input-snr.

Influences of non-ideal despreading

In reality the despreading operation will not be perfect for two reasons: a misalignment in time between
the incoming signal and the local code-generator will exist and an input filter is present which affects the
received signal.

o Timing-misalignment isdueto theresidual error after code-synchronization. In steady-state
operation this error will be small. During code-acquisition however the chip-misalignment can be
typically up to aquarter of a chip-period. The autocorrelation-value for small code-misalignments
can be written as;

Ren(D)Z2e(t) et +1)
-2 jisr (6.1)
0 4 > T,

where T is the misalignment (timing-error) and T is equal to a chip-period. A power correction

factor to account for thistiming-error is.

L{1) = (Rpx(1))° . (6.2)

During acquisition this loss may reach 3 dB.

« Filtering effects: the input-filter not only removes the signals in adjacent channel, but also
suppresses the side-lobs of the intended signal. The power reduction factor can be calculated by
the formula:

L,= [:s{f) i prp)|’a s (6.3)
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where S(f) is the power spectral density of the input-signal and ff I[ _,.rZ‘IE f} the transfer function of

the input filter. A practical situation isillustrated in figure 6.1, where a second order butterworth
filter is used with a bandwidth equal to the chip-rate. The power-loss in this exampleis 0.5 dB.
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Figure6.1: Effects of input-filtering illustrated

Asfiltering affects the shape of the autocorrelation function, the two effects mentioned in this section are
not independent and cannot be added. Actually there is again atrade-off: a narrow filter smoothes the
autocorrelation curve, but also reduces the output noise power.

Influences of Multi-Access Interference

Multi-access is both the essence and the limitation of wissce. The limit on the maxima number of users
results from the amount of interference present in the channel and the desired ber.

Multi-access (ma) interference is present when more than one transmitter is active at the sametime. A
common way to incorporate multi-access interference in the beranalysis is by modelling this interference
as a Gaussian noise component [Pur77, WM 92, Ger85]. This approach however assumes that there are

numerous interferers which are all received with equal power.

As wissce applies a non-cellular transmission concept, the received signal from all users cannot be kept
constant by means of power control. To create a handle on this problem, two groups of interferers are
distinguised:
1. A group of interferersrelatively far from the receiver (far-interference). The interference caused by
this group in total will be trandated to a Gaussian noise component following the usual approach.
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Degradation of the data detection snr
Adding a Gaussian noise component results in areduction of the input-snr.

2. A small group of interferers close to the receiver responsible for the near-interference. This
interference cannot be modelled as a Gaussian noise component. Too many of these interferers can
block communication links.

There is no clear separation between the two categories. A rule of thumb can be that aslong as the
signal-power from a user after despreading exceeds the signal-power from the intended user, that user
belongs to the category of near-users.

Far interference

Thiskind of interference is caused by afairly large group of transmittersrelatively far from the reference
transmitter. The analysis of thisinterference is based on concepts from [Ger85, Ger86, Pur77, PS77]

adapted for wissce. If the number of interferersislarge, the pseudo-random noise sequences can be
assumed to be random. This assumption allows us to derive the variance of the sum of all the
far-interference [Roe77]. This variance is equal to the far-interference power and therefore gives the
snrdegradation due to far ma-interference. Thisisillustrated by the following equation for the total
detected in energy of asymbol at time n:

Z{n) = Bippa TslNo 2+ Es+8 TVar | X L (n}] . (6.4)
kgEi

Sisthe power of the received desired signal and T'; represents the time duration of a symbol period. The
first term (M jy o, o _f 2 ) at the right hand side represents noise energy that passes the predetection

filter during asymbol time. ¥ is the single sided noise spectral power density [Pro89, p.156,]. The

second term is the desired energy term (energy per symbol):

Eg — S T_g o (65)
I : j{ﬂ) denotes the amplitude ratio between multi-access interference (user k) and the user signal (user i)

during the n” symbol. The variance of thisterm is multiplied with the energy per symbol to obtain the

interference energy per symbol.
Ryln) =17 [8 (77, 72) Rialm) +8 (71, £77) Bulw)] 66

where the Kronecker function®{-,- }isdefined by &{#, v} = 1, ifu=vandd{u,v} =0
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otherwise. f :‘ Is the frequency hopping code for user i during symbol period n. T; isthe relative

time-delay between the received signals from the intended user and the interfering user k. &; J {T} and

Rk, g I[T } are partial cross-correlation terms [ SP80].

As aresult the first term corresponds to a hit of the usersk and i during the earlier part of symbol period
n, while the second term corresponds to a hit during the later part of this symbol period. It isaso leads to

the conclusion that the partial cross-correlation functions &, ,J- {T} and R;{,g {T ) have only influence if

there occurs a hit.

It is clear that the ma-interferencecould be divided into two partial interference terms (asillustrated in
figure 6.2). Inthisfigure ""code 1" of the reference user and ""code k" of an interfering user are partially
overlapping. Oneterm is responsible for the interference in the first part of symbol period and the other
term for the second part.

‘T
D&/FH -
Heference user: code T |
f1
|
f2 B I code 3
3 I | code 2
o
Interfering user: ELdE a —
f1
i3 ~ code K+1
fa code k+2

Figure 6.2: Partial interfgrence in ds/th spreading scheme

From thefigureit isalso clear that in a hybrid DS/FH system, thereis at most 1 (partial) hit per
symbol-period. This gives:

557, 72)-8 (1, £71) =0 VaeN. 6.7)

Taking this into account (6.6) can be written as:

hy=[80rn y+8 (1, )] - 1t B ) (6.8

http://cas.et.tudelft.nl/~glas/thesis/node26.html (4 of 8) [11/23/2001 11:06:11 AM]



Degradation of the data detection snr

inwhich R ,{T}is defined as

B (1) = /: " et + T )es(t)ar (6.9)

il
i 3 eXPresses thek'” chip of apn-code, while T;1 and T;. 2 are related to ‘T; in the following way:
D., T, =0 To+T:, T <0
Tl = T2 =
Ty, T >0 T, T, > 0.

Thisintegral (6.9) isillustrated in figure 6.3. In this figure the sequencesi and k overlap for 5 1/3 chip
period.

| overap="1ty |
= ==
. 1=5 B
e !

code | i
T 12 | :

code& | - - BT oy ) = Ci{l)t4
: sum{m) = Gy i{l+1¥5
't="lﬂk1 -tzLEIfE

Figure 6.3: ma-interference illustrated

Aninteger | is now defined which is equal to the number of complete overlapping chips (
-l =1, = {.l.’ + l}Tﬂ- <Ts,! € &) Thisnumber isnegativeif the later part of code |

overlaps with code k. In the example of figure 6.3 | isequal to 5. The integral in equation (6.9) can be
written as.

B (0) =Coi(0)-[(1 + T —1] + Co (i + 1) - [T —IT.] (6.10)

where the first term corresponds to the summation of all ~“dark" overlapsin figure 6.3 and the second
term corresponds to sum of all “light" overlaps. C'g | g{f } is the discrete aperiodic cross correlation

function [PS77]:
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1-!
i cxlfei[j+1], 0<i<Npg—1
=0
) w1
Cill=97F " o y-tlal)], 1-Nps<l<O0 (6.11)
=0
01 “|ENDS

"\

where the usage of square-braces expresses the time-discreteness of the pn-codes. If a hit occurs between
the intended and interfering user, the variance of the multi-access interference term from (6.8) is:

Var[f] =0f, = 2; - [ L) dv. (6.12)
The right hand side can be written as [Roe77, Ger86]:
3
2;31: [[;:R’f;{*l:}d*r} - ﬁ%ﬂ Epi] = ﬁﬂ Pi.] (6.13)
in which:
Npg—1

Pry= 2 {Cf,a-(f}Jer,g{f oI+ 1) +CE 0 +1)} . (614

I=1-Npg

At this point we will make use of the common assumption that the applied sequences are random [Roe77,
Ger85, Ger86, Pur77, PS77]. A discussion on the selection of pn-codesis given in section 6.4. After
calculation follows for random sequences:

E [ps,] = 2Nfg—1 =~ 2N5s - (6.15)
Thisyields:
1
E -::IE-] - . 6.16
[ &y 3 Npg ( )
The power in the multi-access far-interference term:
ST Prlk, KEAR
Iesr = E| pralk, KF-&E)] AN L th ) (6.17)
DS DS
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inwhich I { Prit(k,K FﬁR}} is the mean number of far-interferers that *hit" the reference user in the

used frequency-hop channel. I£; denotes the energy per symbol: & Tz . The hit-probability will be
addressed during the discussion of the fh-sequences in section 6.4.2.

Concerning the ma-interferencethe conclusion can be drawn that every far-user that hits the reference
user during a fh-period contributes maximally 1 / 3Ng times the desired signal power. To enable the

analysis the power of all interfering users was assumed to be equal to the desired power so equation
(6.17) provides a number on the interference for a worst case scenario.

Near interference

Near interference is more problematic in the sense that it can completely block frequency-hopping
channels. When too large a number of such near-users are active, communication is not possible. For this

reason the number of near-interferers allowed in the system is limited. The hit-probability ( £,3 ), see

section 6.4.2) is determinative for the performance.

The number of near-users that can be allowed is aso determined by the kind of error-correction that is
applied. During system-specification it was required at least two frequency-hopping channels have no

near-interference (see page ). The system specification shows that Wy is equal to seven which means
that it islikely that there are three near-interference free fh-channels. The synchronizaiton algorithm also
makes use of this property (see section 7.3.3 on page ).

Concluding: it is difficult to give a quantitative analysis of the near-user interference. The amount of
interference isto alarge extent dependent on the momentary situation. The only thing we can say is that
iIf specifications are met, there will be at least three fh-channels without near-interference.

Conclusion

To enable multi-access interference analysis, the interferers were split into two groups: far-interferers and
near-interferers. The interference of the first category of users can be translated into a Gaussian Noise
term that deteriorates the input-snr. The average power that every far-interferer contributesis equal to

1 _f 3 NTug times the energy per symbol. The second category of interferersis more problematic: aworst

case scenario isthat only three fh-channels without near-interference.
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Relation between snr-in and the ber-performance
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Relation between snr-in and the
ber-performance

The bit error rate performance is an important quality in communication systems. In this section we will
analyze the wissce receiver to find arelation between the bit error rate (ber) and the input snrto the

analog-to-digital conversion stage. This relation needs to be known to formulate requirements for the
front-end and the received signal strength.

The ber-analysisis divided into two steps: first the analysisis done for a situation in which no multi-path
channel is present (additive Gaussian noise channel). Then the same is done for a multi-path environment.

Performance analysis in an additive Gaussian noise
channel.

As areference snr-level the snrvalue at the input of the data-detector is used (predetection or input-snr)
where the bandwidth is 1.26 MHz (equal to the chip-rate). The relation between the single-sided noise

power ( ¥ ﬁ ), the two-sided noise spectral density (¥ _f 2) and the bandwidth is[Pro89, p.156,]:

N[]B' t
2 inpu
0o, =—.
" 2
The received signal in asingle-user, multi-path free environment is:
r(t) = V'S c{t)exp[ j{d(t)Arsk + @)t +0]+nt) (6.18)

where;
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§ = received signal power

d(t) =data symbole {-8,-7,... .7, 8} \{0}

Apgx = MFSK-spacing in radial frequency
¢(t } = binary pseudo-random noise sequence
0, = carrier radial frequency

0 = arbitrary phase

a{t } = noise signal with a two-sided noise spectral density of Ny /2.

After ds-despreading the pn-codec(t) is removed from the signal by the local code, for the despread signal
X(t) yields:

x(t) = VSexp[ j{d{t ) Arsx +©c)t +0]+n(t) . (6.19)

The influence of the despreading operation on the Gaussian noise is small and will therefore be neglected.
During mfsk-detection x(t) is, inthe M  mfsk-channels, correlated with the expected signal for the
appropriate mfsk-channel. These expected signals can be written as:

Hm{f} = eXp [J{mﬂFSﬁ: + [l.],r_-:}f] - (6.20)
The decision variable in the ' channel during the n'" symbol-period is via square-law detection found in

the following way:

(n+1)T,
f x(t) - vn ()t

=nT,

Zin(n) = (6.21)

Following the analysisin [Pro89, p.295,], the decision variable in the mfsk-channelthat contains signal
(channel i) will have a non-central chi-square distribution:

1 7] Yui
poy(u) =4 20277 [' (Z-TEH)}” (E'V F) “ =20, (6.22)

0 otherwise.

In which " is the detection (post-despreading) snr:

E . ¥symhb
T—ND—TP -

"f n is the predetection snr. The factor between the detection and predetection snris equal to the

B input
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ds-processing gain. Thisfactor is equal to 18 dB for a ds-sequence length of 63 ( Bj_nput /¥ symb ).

The other channels will contain no signal, the decision-variable will therefore havea central chi-square
distribution:

1 m
ax =0
Prmpiy () = { 202 p( Zﬁ%) e (6.23)
0 otherwise.

A symbol error will occur if the mfsk-channelcontaining the signal (i) contains less energy than at least one
of the other channels. The probability on correct detection can be written as:

L= =]

P, sympar(i) = H { _Dﬁ{l'}{x}dx} Psmyedu - 604y
U=V _Bemeg =
m#{[’f}
sinceZm{n}m e (-8,=7,..., 8}, m 3£ [0, } are statistically independent and identically

distributed (6.24) can be written as.

(6.25)

And the bit error rate can be found by (see aso [Pro89, p.250,]:

—pmf fm+1)
", bi Z( 1yt (15)“" f - (6.24)

m1
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10" e

PiEdaiecion snr

Figure 6.4: ber versesinput-snr

In conclusion we observe that the ber-curve of figure 6.4 is similar to the usual 16-mfskber-curve for these
detectors [Pro89, p.297,]. The difference lays in the x-axis. The figure here has the pre-detection

snr(snrvalue at the input of the data-detector) on that axis. At first sight this might seem strange, however
during the implementation stage (section 7.2.3) it becomes clear that the pre-detection snrprovides a better

reference than the usual %, _.f Npvaue.

Performance analysis in a multi-path channel

Fading Channels

Multi-path isthe effect that the signal received at the receiver does not come asasingle "beam™ directly
from the transmitter. Especially in an in-house environment, the transmitted signal will reflect at several
places and will reach the receiver via various paths of different length and consequently with unequal time
delays.

In afading environment the receiver will get the desired signal from different paths, every path having its
own propagation delay (T, ) and attenuation factor ( £ ). If S(t) isasingle path signal, the received signal

can be written as.
P =Y €alt)s [t = Ta(t)] (6.25)

where both £, and T;; are functions of time, indicating that the channel istime varying. As both £, and the
phase (because of T;; ) are randomly changing, r(t) can be modelled as a random process [Pro89, p.705,].

When there are alarge number of paths, the central limit theorem can be applied, i.e. r(t) can then be
modelled as a complex-valued Gaussian random process. A possible situation would be that signals from a
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few different paths add destructively. In thisway the signal would " fade-out". These fading effects are due
to the multi-path characteristics of the channel.

Two important numbers in characterizing the channel are the rms-delay spread and the doppler-spread.
The rms delay-spread is the range of values of ‘T for which the channel transfer function is unequal to zero,

and isreferred to as I1ms . Thereciprocal of T-mz isthe coherence bandwidth of the channel [Pro89,
p.707,]:

! (6.26)

{":"‘f }ﬂ' =
Tl'.lII.E

This bandwidth can be interpreted as the bandwidth over which the channel transfer function does not

change: thus two sinusoids with afrequency separation larger than {ﬂf}ﬂ- are affected differently by the

channel. Typical values for the rms time delay-spread in an indoor environment at frequencies round 910
MHz are in the range of 50 ns up to 250 ns [BM S89]. For the 2.4 GHz band values between 10 ns and 40 ns

are reported [JP92, HT 94, Nik95]. In wissce a chip-period takes about 795 ns which is much longer than
1 1ms as a consequence there is only a single resolvable path.

Where the coherence bandwidth specifies a bandwidth over which the channel does not change, the
coherencetime specifies atime-period over which the channel stays the same. The coherence time (

{ﬂt}.r_' ) gives an indication of the speed of the variations of the channel. The reciprocal valueis called the

Doppler spread. Indoor measurements [HP90] show a maximum Doppler spread of 6.1 Hz. Thereforeit is
safe to assume that the indoor channel will not change within a symbol period.

Influences of the fading channel
If the channel does not change significantly during a symbol-period, the received signdl is:
r(t) =€e st} +alt) (6.27)
in which £ is a constant attenuation factor and ¢ a constant phase-offset. s(t) isthe desired signal and n(t)

represents an additive Gaussian noise term.

The data-detection algorithm in wissce isindependent of phase-offsets. Consequently the fading influence
lays in the attenuation factor. As aresult the detection snrbecomes arandom variable.

Several ways exist to describe the indoor communication channel [Has93]. The most straightforward
technique isto model the received signal amplitude as being Rayleigh distributed. The physical justification
for thisisthat the received signal only contains multi-path components. In the receiver the amplitudeis
egual to the square-root of the summation of the squares of the in-phase and quadrature components. As
both those components have a Gaussian distribution, the amplitude will be Rayleigh distributed (Rayleigh
fading channel). The snris proportional to the received power and consequently, the detection-snr () will

have a central chi-square distribution with 2 degrees of freedom:
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1 .5
) = ~e i (6.28)

where ¥ is the expectation of ¥ . This parameter is equal to the non-faded value of ¥ times the expectation

of EE

In an indoor environment however, often aline of sight (los) signal path is present [PMK90]. The resulting
amplitude will then be Rician distributed (Rician fading channel) and % will have a non-central chi-square

distribution:

) )
P(T}_EE oY o pal I (6.29)

To relate the parameters ¥ and s to the non-faded snr, the Rice-factor is used. This factor istheratio of
los-signal power to the random-path signal power. The relation can be expressed as:

§° = (RT?l ‘) (6.302)
2_ %
202 = - (6.30b)

here Ris the Rice-factor. For R=0dB (direct-path power is as strong as the multi-path power) the
distribution function from (6.31) evaluates to a Rayleigh distribution, while for £ — e | the distribution

becomes one-valued (no-fading situation).

The ber-formula (6.26) becomes:

15 w p—ymfm+1)
Pow= 15 3 o (2) [L T g ar

m—l
S ()]
Iyl 2 T{R;l}‘q ay.

Performing the integration yields:
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g 1 15 B Ym{R—1)
B 1yl -_
(6.32)

From thisformulait is clear that for R=0dB the performance over a Rayleigh fading channel is obtained
(see also [Pro89, p.716,]). For £ — o= the fading effects disappear (compare formula (6.26)). Thisis aso

shown in figure 6.5 where lines are plotted for R=0dB (Rayleigh), R=6.8dB, R=11dB and £ = o= (no
fading). Typical values of this parameter for indoor channels at the appropriate frequency are: 6.8 dB and
11 dB [BMS89, Bul87].

10° R e e EEE EE E EF E R EERE E R e e

EER

1 1 [l
R R T T R CE PR e T

“]'7 1 1 1
-15 -10 -k

mean predeleclion-=nr [dE]

@) | ac- St Bl o
B
[}

Figure 6.5: ber in afading-environment

The conclusion of the fading analysisin this section is threefold:

« Indoor fading characteristics cannot be caught in atypical description; it is therefore impossible to
give an exact analysis.

« Theimpact of anumber of typical fading situationsis calculated and is presented in figure 6.5.

« |If auser manages to situate him/herself at a very nasty location (in a deep fade), it is possible that
communication gets impossible. The only solution in such a situation would be changing the location
of the antenna. A more elegant solution is adding a second antenna. This option however is discarded
because of considerably higher costs.
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Conclusions

In this section arelation between the data detection input snrand the berwas made for both an additive
Gaussian noise channel and a multi-path channel.

A difference with a usual ber-analysisis the usage of the data-detection input snras areference value. In
wissce the bandwidth at this stage in the receiver is about 1.3 MHz. As a consequence, proper snrvalues are

below 0 dB. We did thisto enable easy incorporation of implementation properties in the next chapter.

It appeared that wissce hasto operate in a slowly fading channel. It is however difficult to catch the channel
propertiesin atypical description. Thisisillustrated in figure 6.5, the different curves show the relation
between snrand berfor various values of the strength of the line-of-sight path.
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Code selection

The spreading of the data signal in a cdma system is done by applying a code, independent of the data-signal.

Code-selection has alarge impact on the performance of the system. On the one hand the longer the code, the
higher the processing gain which enables us to allow more users in the system. On the other hand alarger
processing gain implies the usage of more bandwidth. Another important property of the codesisthe
cross-correlation. If the codes which are used are not completely orthogonal, the cross-correlation factor is
unequal to zero. In this situation the different users are interferers to each other, hence the near-far problem

appears.

During the ber-analysis in the previous section the usual approach to assume pn-codesto be random [Roe77]

was applied. In practical situations however, this assumption needs to be considered more carefully. This section
proposes a strategy to select codes that are *close to random”.

wissce isahybrid DS/FH-system where both a code for direct-sequence spreading (a pn-code) and a code for

frequency-hopping spreading (an fh-sequence) has to be selected. First the selection of pn-codes will be
discussed.

Choosing a pn-code

Choosing a code-family

A pn-codeused for DS-spreading consists of f¥T3g units, called chips. These chips can have 2 values: -1/1

(polar) or 0/1. In the following polar bit-sequences are used unless stated otherwise. As every data symbol is
combined with a single complete pn-code, the DS processing gain is equal to the code-length. To be usable for
direct-sequence spreading, a pn-code must meet the following constraints:

« The pn-codes are 2-leveled (bit-sequences).

« The codes must have a sharp (1-chip wide) autocorrelation peak to enable code-synchronization and to
achieve equal spreading over the whole frequency-band.

« The codes must have low cross-correlation values. The lower this cross-correlation, the more users can be
allowed in the system. This holds for both full-code and partial-code overlap. The latter because in most
situations there will not be a full-period correlation of two codes and it is more likely that codes will only
correlate partially (due to random-access nature).

« Toavoid a DC-component in the spread signal, the codes should be “"balanced": the difference between
ones and zeros in the code must be 1.

Codes that can be found in practical DS-systems are: Walsh-Hadamard codes, m-sequences, Gold-codes and
Kasami-codes. Walsh sequences [Bea75] are orthogonal while the other sequences show cross-correlation

http://cas.et.tudelft.nl/~glas/thesis/node28.html (1 of 8) [11/23/2001 11:06:41 AM]


http://cas.et.tudelft.nl/~glas/ssc/techn
http://cas.et.tudelft.nl/~wissce
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values unequal to zero [Gol67, Roe77, SP80].

Walsh Hadamard codes

Walsh-sequences have the advantage to be orthogonal, in this way we should get rid of any multi-access
interference. There are however a number of drawbacks:

« The codes do not have a single, narrow autocorrelation peak. As a consequence code-synchronization
becomes difficult.

« The spreading is not very efficient: the energy is only spread over a small number of discrete
frequency-components (figure 6.6).

« Although the full-sequence cross-correlation isidentically zero, this does not hold for partial-sequence
cross-correlation function. The consegquence is that the advantage of using orthogonal codesis lost when
all users are not synchronized to a single time base.

« Orthogonality is also affected by channel properties like multi-path. In practical systems equalization is
applied to recover the original signal.

I I I I 1 I I
[

=50 —40 =20 [n} a0 -0 50
Figure 6.6: Frequency-domain comparison of a Walsh and an m-sequence

These drawbacks make Wal sh-sequences not suitable for a system like wissce. Systemsin which
Walsh-sequences are applied are for instance multi-carrier cdma [Y LF94] and the cellular cdma system |S-95
[Qua92]. Both systems are based on a cellular concept in which all users (and so all interferers) are
synchronized with each other.

Shift-Register sequences

are not orthogonal, but they do have a narrow autocorrelation peak. The name already implies that the codes can
be created using a shift-register with feedback-taps. By using a single shift-register, maximum length sequences
(m-sequences) can be obtained. Such sequences can be created by applying a single shift-register with a number
of specially selected feedback-taps. If the shift-register sizeis n then the length of the codeisequal to 2" — 1.
The number of possible codes is dependent on the number of possible sets of feedback-taps that produce an
msequence. These sequences have a number of special properties. Some of them that will be considered in the
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code selection process are mentioned here.
« Mmsequences are balanced: the difference between number of ones and minus onesisonly 1.

« The spectrum of an m-sequencehas aSj}i'IIC'2 -envelope. In figure 6.6 the spectra of a Wal sh-sequence of

length 64 and an m-sequenceof Iength 63 are shown, both sequences contain (almost) the same power.
The figure shows that applying an m-sequence better distributes the power over the whole available
frequency range.

o The shift-and-add property can be formulated as follows:
T =T'u-T'u (6.33)

here T denotes adelay of one chip and u is an m-sequence. By combining two shifts of this sequence
(relative shiftsi and j) the same m-sequenceis obtained, yet with another relative shift.

« Theauto-correlation function istwo-vaued:

Ru() = N 1T=kN
ST -1 1#£kN

where k is an integer value, and T is the relative shift as a multiple of a chip-period.

« Thereisno general formulafor the cross-correlation of two m-sequences, only some rules can be
formulated [Roe77].

o A socaled “preferred pair® isacombination of m-sequences for which the cross-correlation only shows
3 different values: -1, =2 L(tF20 2] — 1 ang 2 [(*+2)/2] 4 1 There do not exist preferred pairs for

shift-registers with alength equal to 4 & where k is an integer.

The product of two m-sequences which form a ™ preferred pair” leads to aso-called Gold-code. By giving one
of the codes a delay with respect to the other code, we can get different sequences. The number of sequences

that are availableis 2™ + 1 (the two m-sequences alone, and a combination with 2™ — 1 different shift

positions). The maximum full-code cross-correlation has a value of 2 L(r+2)/2] +1.

In wissce the pn-code-length is chosen to be 63 (see section 5.2.3), consequently n=6. For this situation there are
65 different Gold-codes available and the maximum full-code cross-correlation is 17.

If a Gold-code is combined with a decimated version of one of the 2 m-sequences that form this Gold-code a
“"Kasami-code from the large set" is obtained. Such a code can then be formulated as follows:

e =u-T* - T™w

where u and v form a preferred pair of m-sequences of length Wps = 2" — 1 (neven). wisan

m-sequenceresulting after decimation the v-code with avalue 2™ {2 1 1 Kisthe offset of the v-code with
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respect to the u-code and mis the offset of the w-code with respect to the u-code. Offsets are relative to the state
in which all register elements contain a one or a minus one (all-ones state). In the large set of Kasami-codes a
number of special subsets can be observed:

« Thetwo m-sequences that are used to create the pn-code
« The Gold-codes that can be created using these m-sequences

« Thesmall set of Kasami-codes can be obtained by combining one m-sequencewith the decimated version
of itself, so leaving out the other m-sequence.

Kasami-codes have the same correlation properties as Gold-codes. The difference is the number of codes that
can be created. For the large set of K asami-codes this number is equal to 2™ /2 (2" 4 1}. Choosing n equal to

6 as in wissce gives 520 possible codes. As the number of codes determines the number of different code
addresses that can be created, the large set of Kasami-codes is used as a code-set in wissce. A large code-set also
enables us to select those codes which show good cross-correlation characteristics.

In wissce the DS code-length ( ¥ 5 ) is chosen to be 63, thisimplies using shift-registers of length 6. Two
codes that form a preferred pair are: M(6,1) (feedbacks from the 6" and 1" feedback taps) and M(6,5,2,1). In

the following we will use the notation of (6.36). Here n is even and equal to the length of the shift-registers used
to create u and v, u is the m-sequence with feedbacks (6,1) and v is the m-sequencewith feedbacks (6,5,2,1).
When decimating M(6,1) sequence w is obtained, w is also an m-sequence: M(3,2). The otherwise meaningless
values for k and m are used to denote special subsets.

(w-T*y Ty, 0< k<=2 0 m< 222

u-T™w, (smallset) ;k=2"-10<m<2"2-2
kas{n,k,m) = < "'T?w‘ k=208 m<21/2-2 (6.34)

u-T*y, (Goldcodes) ;0<k<2"=2 m=2"2—]

v, (M-sequence) ;sz"—l,sz"f‘E—l

|4, (M-sequence) ;k:E"jm:Tﬁ—l.

Choosing a code-set with good cross-correlation properties

Before starting the selection process, first the size of the code-set will be reduced by adding the constraint that
the codes must be balanced to avoid a DC-offset. Theinitial code-set size now reduces from 520 to 241. The
241 balanced codes are used as a candidate set to the further code selection process. Having chosen a candidate
code-set, we have to find a sub-set of this code-family which has good cross-correlation properties. As
mentioned before partial sequence correlation is more important than full-sequence correlation. The reason for
thisisthat all usersin the system are asynchronous so the sequences will only overlap partialy.

We saw that the multiple-access interference in a cdma-system depends on the . ; -factor of two sequences k

and i (equation 6.13 on page ). So this parameter can be used as a criterion to select a code-set. The required
computational power however, to find a code-set with abounded value of the [ ; -factor among all codesin
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that set, goes exponentially with the size of the initial candidate code-set. For a code-set size of 241 the
calculation of a code-set with bounded ', -factor is therefore infeasible. Instead an algorithm as described in

[EKB87] will be used. Following this concept the codes are ordered in increasing value of a cost-function.

Assigning codes starts at the top of thislist. In thisway the code-set is used which is likely to have the best
correlation properties. The cost-function is defined as:

(Keed _ ¥
B =3 pu (6.35)
k=1
k gk
where K zct is equal to the size of the code-set (in this case 241). The resulting sequence of codes can be found

in appendix A.

Implementation issues

Kasami code sequences can be implemented by multiplication of the outputs of 3 shift-registers (u, v and w)
with proper feedbacks. Two shift-registers have length n (in wissce equal to 6) and form a "“preferred pair”,

while the third sequence (w) resulted from decimation of the first sequence (u). The last shift-register has a
length of 3. All three shift-registers create m-sequences.

To obtain all possible Kasami-codes, the 3 m-sequences should have different relative shifts with respect to each
other. Two "shift values' play arole: the relative shift of the v-sequence and of the w-sequence, see (6.36).

Asarelative shift of for instance 35 is costly to implement (we would need 35-6=29 extra delay-elements), the
“shift-and-add" property can be applied (see (6.35)) to obtain the desired relative shift. It appears that all

relative shifts can be created by using only 6 respectively 3 delayed versions of the v and w code. Thisis
illustrated in figure 6.7, an additional requirement is that the sequences have their al-zero state at the same shift.

In the figure the shift-parameters are referred to as m' and k' asthere is a translation step between the relative
shift values and the tap-numbers that are required to obtain those shifts. A description of the translation step can
be aso found in appendix A.

u-code: M(B1) v-code: M{B 52 1) w-code: M(3 2)

T T T T

mwvalue t* ¥+ ¢& 4¢ ¥ ¢ K-value % ¥+ &

El&|&|&|&|& &1 & | &

kas(B m k)
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Figure 6.7: Kasami-code generator scheme

Conclusions

The code-selection process can be summarized in the following way:

« We found that non-orthogonal shift-register sequences are more suitable in a system like wissce than
orthogonal sequences like for instance Walsh-Hadamard sequences.

« Using the large-set of Kasami-codes with length 63 provides us with 520 different sequences with
bounded cross correlation values.

« By adding arequirement that only using " "balanced codes" we make sure that there does not appear a
non-suppressed carrier in the resulting spread output spectrum.

« The 241 remaining balanced codes’ are put in order on basis of cross-correlation properties. In this way
the “"best" addresses can be assigned first.

« Itiseasily possibleto generate al different Kasami-codes by applying the shift-and-add property.

Choosing an fh-sequence

In wissce fh-spreading is applied to reduce the problems due to the Near-Far effect. To keep the necessary
bandwidth within limits and the frequency synthesizers realizable, the fh-sequence-length ( Wy ) ischosen
egual to 7. For thisrather short code-length it is possible to perform a manual extensive search to find possible

sequences. As a boundary condition to the sequences we specified that a near-interferer should maximally have
2 hits during a single fh-sequence. A possible code-set existing of 6 sequencesisgivenintable6.1.

01 2 3 4 5 6
0 2 4 6 1 3 5
0 3 6 2 5 1 4
0 4 1 5 2 6 3
0 5 3 1 6 4 2
0 6 5 4 3 2 1

Table 6.1: fh-sequences

A more general rule can be found in [MT92]. Hyperbolic codes which have the above mentioned property can

be formed in the following way: if p is a prime, and there are p frequency-hop channels there exist p-1 codes of
length p-1 which have in case of an asynchronous interferer at most 2 hits during a complete fh-sequence. We
choose the first alternative because that provides longer sequences.

The hit-probability

isthe probability that a number of interfering users are transmitting in the same frequency-hop channel as the
reference user. This probability will be referred to as pa I[K } , Where K is the total number of active users. This

probability is dependent on a number of system characteristics like:
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« The number of frequency-hopping channels available
« The number of active users
« Thekind of frequency-hopping sequences used and their length.
As there are W gg; fh-channels, the chance that two users *hit" is 1/ Wgg . The fh-sequences are selected on their

property to have at most two partial hits which leads to the following hit-probability [Gla92]:
2

P =—. (0.30)
"7 Nex

Thisformulaisonly valid if random hopping is applied which is true as aa user can start transmitting at any
arbitrarily moment.

The chance that 2 users have the same fh-sequencels:

1

—. 6.37
o (6.37)

Ph-, EH —
Two situations can be distinguished:

1. two users having the same fh-sequence
In this situations the users will hit always or hit not at al. The first probability is equal to the
hit-probability (6.38).

2. two users having a different fh-sequence
If two users have a different sequence, they will either have 2 partial hits or asingle full hit. So the

probability that two users will hit during a*“hop-period" is: £ f Nen .

We obtain for the complete hit probability:
B 2 L2 (Ney—2)
Nem(Nem—1)  N&y(New—-1)

However, the probability of interest is the chance that a certain number (k) of interfering users are present in the
same frequency-hop channel as the intended user. This probability is given by:

(6.38)

By

K-1
phit{k,K}:( . )Pﬁﬂ(l-,ﬂhﬂ}’f*-k (6.39)

where K isthe total number of active usersto be considered. In figure 6.8 the expectation of (6.41) isshown asa
function of K. In this example Wy is equa to 7. The values from this plot can be used in formula (6.17) on

page .
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Figure6.8: I { phjt{k,ﬁ}} asafunction of K active users

From the figure above it is clear that even when quite a number of near-usersis present, the "mean" value of the
number of hitsis limited to reasonable values. The wissce receiver should be able to operate under situations

where more than 2 fh-channels are blocked. From the figure it appears that even if there are 20 near users, the
mean number of hitsis about 1.5.
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Conclusion

In this chapter an attempt was made to formulate a requirement concerning the snrat the input of the
pre-sampling filter. From the previous chapter we know that despreading and data detection take place in
the digital domain. So to be more specific the snr requirement holds for the signal before sampling,
guantizing, despreading and detecting of the data symbols.

Multi-access abilities are essential to wissce. It was shown that afar-user contributes a Gaussian
interference energy of about 1 _.f 3 N5 times the energy per symbol. The number of near users allowed

in the system is fixed by the number of frequency-hopping channels available. In the multi-access
interference analysis we made the common assumption that pn-codesare random. This is however not
completely true in practice. For this reason this chapter also addressed to question of how to select codes
in such away that they are close to random.

Finally from the relation between berand data-detection input-snr it appeared that in an unfaded
environment an snr-level of about -3 dB is enough to obtain a berof lﬂ_5 which relates to a requirement
concerning the snrlevel at the input of the pre-sampling filter of about -2 dB.

In an environment with fading it seems hard to catch the multi-path characteristics of that channel in a
typical description. For a set of channels found in literature however, the relation between berand mean
snrwas found. For a situation in which the relation between line-of-sight power and specular power is 11

dB, an input-snrlevel of 0 dB gives a berof l':l_4 . For this case the snrlevel at the input of the

pre-sampling filter should be about 1 dB.
%
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Introduction

During system implementation we often find that it is not possible to map the desires of the systems
engineer on the available hardware and software resources. It seems that two options are |eft: either we
buy more advanced resources or we suggest the systems engineer to accept a less favorable solution and
try to compensate for thisin other parts of the design.

Actually atrade-off exists between snr-loss and complexity asillustrated in figure 7.1. Complexity can
be either software or hardware complexity, but usually a higher complexity leads to higher costs. An
increase of the snr-loss can have different negative consequences. Concerning the data detection for
example, a higher snr-loss will lead to aworse ber-performance and consequently to a higher required
input signal strength at the antenna or a more advanced front-end.

«——— ‘"standard" implementations

Complexity (cost)

"clever" implémentations

SR —loss
Figure 7.1: Implementation trade-offs

Figure 7.1 shows atrade-off curve of possible "standard" implementations for an arbitrary case. As

stated before, it is often the case that existing ~"desires" are not met choosing one of these
implementations. As aresult a break-through is required. The art” of doing a system implementation is
now to find implementation alternatives that lay below the standard ""trade-off curve".

This chapter investigates two situations in which the complexity can be greatly reduced at the cost of an
acceptable snr-loss. So both cases describe implementations that lay below the standard trade-off curve.
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The first one concerns the mfsk-data detection unit (section 7.2). After describing the implementation

itself, a ber-performance analysisis done to find the relation between input-snrand berfor this particular
situation. The second case concerns the code-synchronization circuitry. In section 7.3 the aspects of the

synchronization scheme are discussed and simulation results are presented.

To complete this chapter, section 7.4 deals with a number of front-end issues that exist for
communication systems like wissce. This section is not meant to give a detailed description of the
front-end implementation, instead only wissce-specific aspects are addressed.
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Data detection

Data detection is the process of recovering the originally transmitted data-message. The way to perform this
operation isfor alarge extent dependent on the applied data modulation scheme. In wissce thisscheme  is
chosen to be 16-mfsk(see section 5.2). The goal of this section is to explain the operation of the data detection
algorithm used in wissce.

In the receiver the function of data detection can be interpreted as measuring the energy present in all
mfsk-channels, and selecting that mfsk-channelwith the highest energy. The symbol corresponding with this
mfsk-channel is most likely the transmitted symbol.

Evaluation of the energy in a number of frequency-bands (for instance mfsk-channels) can be done in a number of
ways. Traditionally the received signal goesinto afilter-bank, then per channel a square-operation is applied to
obtain the power. After that, an & D-filteris used to determine the energy over a symbol-time (square-law
detection). This approach has the disadvantage that for every mfsk-channela band-pass filteris required, which
makes the detector expensive.

A different way of estimating the transmitted symbol is by applying afourier transform on the input signal. The
output of this operation gives the frequency-representation of the signal. A square-operation now produces the
energy in achannel over asymbol-time. Aswe are dealing with digital inputs, a short-time dft is appropriate to
determine the energy per symbol. An advantage is that areaintensive filters are replaced by atransformation
which runs on a shared resource (embedded processor).

The number of samplesin asymbol is equal to the ratio of sample-speed and symbol-speed:

r« _ S.2MHz

N = —
rs},mb,:,l ED kHZ

— 260, (7.1)

as aresult, there are 260 time-points available to recover the transmitted data symbol.
Implementing a dftleaves several options: One possibility isto apply an fft-structure, in this way the operation
takes place with worst case time complexity @'{N log v } instead of @'{N 2 } for anormal dft. However, an fft

computes a number of frequency-points equal to the number of input-samples, that is 260 numbers where only 16
are needed (and usually a power of 2). As a consequence the application of an fft does not have advantagesin this
situation, a dftwill be faster.

The way the dft-operation isimplemented in wissce can be described in several ways. We derive this operation by
starting from a usual fourier transform.

The Discrete Fourier Transform of a despread, quadrature sampled input signal (X[K]=I[K] + j Q[K]) for the nh

frequency channel, based on N time samples, can be written as:
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= 2k
=¥+ oo [ ”} (72)
k=0 N
or as:
Fln] =% [a] + j3[n]
in which:
-1
Rfn]= ¥ (I[k]ms [2’”‘"} +0 [ sin [M‘”D (7.32)
k=0 N N
-1
In] = 3 (Q k] cos [Eﬂk" —I[K] sin[mk”D . (7.3b)
k=0 N N
The cosine and sine terms will be referred to as twiddle-factors:
t Weos|n, kK] =cos I:Ejfﬂ} (7.4a)
| 2Tkn
tWen [N, k] :sm[ e } ] (7.4b)
Now (7.3) can be written interms of accumulation-factors:
% [n] =Ics[n] + Qsnln] (7.5a)
3 [n] = Qcs[n] —Isn[s] . (7.5b)
These are defined as:
-1
Ics[n] & ), I[k]tw, os]n, k] (7.6a)
k=0
N-1
Isnfn] = ) Ikjtwgn[n, k] (7.6b)
k=0
v-1
Qcs[n] 2 Y, O[]t weos|n, k] (7.6¢)
k=0
-1
Qsnla] = } G [k|twgnln, & (7.6d)
k=0

The equations (7.6) show that a correlation is applied of the input signal with sine and cosine waveforms
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representing all possible mfsk-frequencies. For this reason we will refer to this detector as an mfskcorrelation
engine (mfsk-ce).

For the data detection process the phase of the input signal does not contain relevant information. A decisionis
based on the power contents of the signal:

Pls] = R[n]* +3[n]°
= (Ics[n] + Qsnn]}* + (Qcs[n] —Lsn[a] }* .

To reduce the number of required bits to represent the power level P[n], adigital shift isapplied (division by
512). For the decision variable follows (compare equation (6.21) on page ):

P'ln] = |K[a]*/512] + |3 [n]*/512]
= |{Ics[n] + Qsn[a]}* /512] + [ {Qcs[n] -Isn[a])* /512

(7.7)

(7.8a)

where |-| denotes the floor function, consequently results are rounded down to
mteger values.

In wISSCE there are 16 MFSK-CHANNELS, 8 on the positive frequency-axis and
8 mirrored on the negative axis. Because of this property it is possible to calculate
the energy in a positive MFSK-CHANNEL and its mirrored negative version from
the same ACCUMULATION-FACTORS (and consequently the same TWIDDLE-FAC-
TORS):

P'[-n] = |{Ics[n] - Qsn[n])* /512 ] + |(Qcs[a] +Isn[a]}* /512] .  (7.8b)

This already reduces the number of operations to perform data detection with a factor of almost 2 and halves the
required number of twiddle-factors. Thereis however still a discrepancy between the avail able resources and the
required computational power. This results in the requirement to further reduce the complexity of the data
detection algorithm.

Complexity reduction of the data detection algorithm

To further reduce the required computational power we introduce 2 simplifications:

» Toavoid the need for automatic gain control, alimiter will be applied during the analog to digital
conversion stage. As a consequence the number of bits to represent the input signal is reduced to one.

o The number of levelsto represent the twiddle-factorswill be reduced to 3.

As aresult the decision variables get much easier to calculate: full-size multiplications become 1 bit additions and
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subtractions. There is however also another side: alossin performance (ber) will appear aswell. In the
following this trade-off will be analyzed. We will show how the reduction of complexity is achieved and what the

consequences are on the performance.

3-leveled Twiddle-Factors

The quality of the data detection is dependent on to what extent the twiddle-factors meet the following properties:

1. Equal sensitivity for all frequencies.
2. Not containing other frequencies than its own. (So if for instance symbol “"2" is transmitted, only
tWsin[2, k]and? weos |2, k]should show correlating with that signal, the others should be

uncorrelated.)
3. W [n . k] and t Wcos [n., k] should be orthogonal. (Otherwise the power calculated according to (7.8)

becomes phase dependent.)

By reducing the number of levelsto represent the twiddle-factors, harmonics will appear. Especially the third
harmonic is of major importance. It makes the twiddle-factor ssensitive to other frequencies than itsown. To

reduce the power-levelsin the third and fifth harmonic while retaining orthogonality between sine and cosine
twiddle-factors, 3-leveled factors can be applied [Reg]. Those factors are derived on the basis of delta-sigma

modul ation:

d [ N . {akl¢w
fwﬂ-as[ﬂ, k] = ﬂ Eﬂlﬂ N

d [ N Rk
tWinln, k] = — | =7 cos

where d/dk symbolizes a differentiation to the time-step (k). Inwissce N is chosen to have avalue of 260. To
obtain the 3-leveled factors, we perform the following calculation:

tWeosln, k] = |sa[n,k+ 1] | = |sn[n, k]| (7.9a)
twen|n, k] = |es|n,k+1]| = |es[n, k]| (7.9b)
whereH denotes the floor function and:
a . fnkT
snln, k| :U.S—I—Hsnl (ﬁ) (7.10a)
a Akl
cs(n, k| :D.S—;ms (ﬁ) ] (7.10b)

To minimize the third and fifth harmonic, the value of a isfixed on avalue of 40. As an illustration of how such
twiddle-factorscan look like,  Weg 5[ 1, k] isshown in figure 7.2. This twiddle-factor represents a cosine

waveform of frequency 1"
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In table 7.1, the sensitivities of the 3-leveled twiddle-factors for al 16 possible input symbol frequencies are
shown. Horizontally the transmitted symbols are listed, while vertically the detected power-levels are given. It can
be observed that applying 3-leveled twiddle-factors leads to unequal sensitivity for different mfsk-channels. They
differ from 123 to 125, a difference that can be allowed.

Furthermore it looks like the twiddle-factorsare only sensitive to their own mfsk-channel. Thisis however not
completely true, the sensitivity for other frequencies than its own is just not visible due to the 512-division factor
and the application of afloor function (see equation (7.8)).
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chonnel of transmitted svuibol —

-5 -7 - -5 = -3 -2 -1 1 2 3 4 5 f 7 5
-5 124 o 0 0 0 0 0 0 8] 0 8] 0 0 0 0 8]
-7 0 125 0 0 0 0 0 0 8] 0 8] 0 0 0 0 8]
- 0 o 124 0 0 0 0 0 8] 0 8] 0 0 0 0 8]
-3 0 o 0 124 0 0 0 0 0 0 0 0 0 0 0 0
- 0 o 0 0 123 0 0 0 8] 0 8] 0 0 0 0 8]
-3 0 o 0 0 0 1312 0 0 0 0 0 0 0 0 0 0
-2 0 o 0 0 0 0 125 0 8] 0 8] 0 0 0 0 8]
-1 0 o 0 0 0 0 0 123 8] 0 8] 0 0 0 0 8]
1 0 o 0 0 0 0 0 0 123 0 8] 0 0 0 0 8]
i 0 o 0 0 0 0 0 0 8] 133 8] 0 0 0 0 8]
3 0 o 0 0 0 0 0 0 8] 0 1212 0 0 0 0 8]
4 0 o 0 0 0 0 0 0 8] 0 8] 133 0 0 0 8]
5 0 o 0 0 0 0 0 0 8] 0 8] 0 124 0 0 8]
f 0 o 0 0 0 0 0 0 8] 0 8] 0 0 124 0 8]
7 0 o 0 0 0 0 0 0 8] 0 8] 0 0 0 125 8]
3 0 o 0 0 0 0 0 0 8] 0 8] 0 0 0 0 124

Table: sensitivity of twiddle-factors

Limiting of the input signal

A significant further reduction in complexity can be achieved by applying alimiter in the analog to digital
conversion. On one hand automatic gain is not required and the complexity of the digital processing afterwards
reduces. On the other hand, this ssimplification will lead to a performance loss. Two problems are introduced:

1. Alossinsnr, if the desired signal is not the strongest component of the received signal. A usual way to
express thisloss is using the signal suppression factor Cf which represents the signal loss [Lin72].

2. Theintroduction of odd harmonics. If for example the transmitted symbol is 1", also aresponseis
observed at symbol ~"3" and symbol ""5". Thus the ber-performance will deteriorate.

These problems have a number of consequences: firstly the sensitivity matrix in table 7.1 changes. Secondly the
detection-scheme becomes phase-dependent. Only applying the 3-leveled twiddle-factor salready introduces
phase-dependence that is because t W ¢ [n , .‘::]‘r:l +iWeos [n, k]z is not constant for all k. If the
twiddle-factorsare combined with alimited input signal, the consequence becomes noticeable. And finally the

limiting operation changes the signal to noiseratio aswell. The latter consequence is a noise consideration which
will be discussed in the following section. For this moment, we will concentrate on the first two issues.
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Sensitivity

Another sensitivity table, also incorporating the limiting of the input signals, is shown in table 7.2. From this table
it isclear that limiting the input signal has an undesirable effect on the sensitivities of the twiddle-factors.

chonuel of tran smitted svmbol —

-8 -7 - -5 -} -3 -2 -1 1 i 3 4 5 f 7 5
-8 | 201 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-7 0 221 0 0 0 0 0 0 4 0 0 0 0 0 0 8]
-6 0 0 1, 0 0 0 0 0 0 24 0 0 0 0 0 0
-5 0 8] 0 Lk 0 0 0 5 8] 0 0 0 0 0 0 8]
- 0 8] 0 0 200 0 0 0 8] 0 0 0 0 0 0 8]
-3 0 8] 0 0 0 190 0 0 21 0 0 0 0 0 0 8]
-2 0 0 0 0 0 0 ] 0 0 0 0 0 0 0 0 0
-1 0 8] 0 0 0 0 0 m 8] 0 0 0 0 0 0 8]
1 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0
2 0 8] 0 0 0 0 0 0 8] a0 0 0 0 0 0 8]
3 0 8] 0 0 0 0 0 11 8] 0 190 0 0 0 0 8]
4 0 8] 0 0 0 0 0 0 8] 0 0 L 0 0 0 8]
3 0 8] 0 0 0 0 0 0 5 0 0 0 202 0 0 8]
i 0 8] 0 0 0 0 24 0 8] 0 0 0 0 10 0 8]
7 0 8] 0 0 0 0 0 4 8] 0 0 0 0 0 211 8]
3 0 8] 0 0 0 0 0 0 8] 0 0 0 0 0 0 ol

Table: sensitivity of twiddle-factorson limited input signals

The detection in some mfsk-channelsnow shows correlation with other frequencies than its own (violation of point
2 on page ). For instance: if mfsk-frequency "~ 2" is transmitted, energy isfound in the
mfsk-channel corresponding to the 3" harmonic: **-6" (seng[2,-6]=24). So due to limiting only a part of the signal

can be found in the original frequency band (zone) while the rest of the power can be found as higher harmonics.
Phase-dependence

Introducing 3-leveled twiddle-factorsin combination with alimited input signal introduces phase dependence. The
output power of an ideal Fourier Transform is phase independent because of the property that

Sill{x )2 + ms{x}z — 1. Thisproperty is met if either the twiddle-factorsor the input signal is sine-shaped.
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Unfortunately thisis not the case. By looking at the evaluation of ¥ ¥ ;i [ﬂ . k]z -t Weops [n, -"C]E for frequency

n=1in figure 7.3, it becomes clear that the sum is not constant as desired.

T
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Figure 7.3: Evauation of t W g, [l, k];" +1i wﬂ-m[l, .‘::]"r"l )

[¥]

Figure 7.4 shows the sensitivity of the data-detection algorithm for two mfsk-channel sas a function of the phase. It
illustrates the existing phase-dependence of the data-detection.

At first sight, by looking at both the sensitivity matters and the phase-dependence problems, one might arrive at
the conclusion that the proposed simplifications of the data detection algorithm are not an acceptable alternative.
In the next section we will however see that the problems reduce considerably in real situations with appropriate

snr-values.
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Figure 7.4: Phase dependence for mfsk-symbols 1" and "~ 8"
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Noisy environments

Adding noise to asignal degrades the input snr-level and usually leads to a worse data-detection quality. In
systems where alimiter is applied, noise has other implications as well.

Limiting asignal introduces harmonics which are referred to as " zones'. Also, due to the constant output-power
of alimiter, the desired output signals decrease if the input snr-level decreases. The amount of reduction is
usually expressed using the ““signal suppression factor" Cf;. . Asthisfactor is smaller for higher zones, the

harmonics decrease faster than the desired signal itself. In this section we will show that the harmonics vanish
almost completely for appropriate snr-values. The berperformance now becomes better compared to a situation in
which al harmonics are present.

If B isthe limiter output-power of the k' E harmonic, Lindsey [Lin72] wrote the output signal-power of the &’ &

harmonic ( £ ) as:
Pis =0 By (7.11)

1 ,
o (SNR) = L—,«.Hn- SNRe S¥R/2. [fﬁ (SNR; 2} + 144, (SNE, jz}] (7.12)

where S K; is the input signal to noise ratio. Figure 7.5 gives the suppression factor for the first, third and fifth

harmonic as a function of the input-snr(in dB). Also in simulation results are presented in this figure to verify the
suppression factors: the power in the different frequency bands is measured as a function of the input-snr. For low
values of the snr thereisasmall deviation visible caused by the noise-power contents at the output of the limiter.
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Figure 7.5: Signal suppression-factors: calculated and simulated

P (first harmonic) can aso be written in terms of the signal-amplitude (L):
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8L

P = 27 - (7.12)

For ssimplicity, L isfixed to be 1. In case of small snr, the output snras a function of the input snrfor the first
harmonicis[Lin72]:

SNR,, = ESNR- . (7.13)

So the maximum loss due to the limiter is‘J'E_ff-l (1 dB). Thisrelation also assumes that the input bandwidth is

equal to the output bandwidth. The limiter snr-gain as a function of the input-snrfor the first harmonic is shown in
figure 7.6.

s ! ! ! T !

] R P TP AP PP P TR PP PR PR PPEPEY SR PEPEP PR

1| e |

~13%g _:1:3 _1|c:| cl:a 1|c:| Elﬂ 20
=nr—in [dB]
Figure 7.6: Limiter snr-gain as afunction of the input-snr

To incorporate this effect in the performance analysis, the resulting sensitivity factors from table 7.2 should be

multiplied with the suppression-factor for the appropriate harmonic and snr. The sensitivity for the first, third and
fifth harmonic as a function of the input snris shown in figure 7.7. This figure shows the situation that symbol 1"
was transmitted, the detection for the third harmonic was at mfsk-channel"-3" and for the fifth harmonic at
mfsk-channel"5". The curvesin the figure represent the elements Seng[1,1], Seng[-3,1] and Seng[5,1] from table
7.2. From this figure can be concluded that for snr values below 0 dB, no harmonics appear in the output signal.
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Figure 7.7: Senditivity as afunction of the input snr

Concerning the snrone remark should be made. When talking about an snr-value one should specify a bandwidth.
In this case the bandwidth is equal to the sampling bandwidth whichinitsturnisequal to the chip-rate: 1.26

MHz. The relation between the snrat this point (referred to as the predetection-snr: %) and £ _/ Np (equal to the
detection-snr: ¥') isgivenin (7.15).

re 1 E,
— - — . 7.14

So there is adifference of 18 dB between £ /Np and ¥ . This meansthat for all appropriate values of £ /I

the predetection-snris below 0 dB. As a consequence the harmonics in the limited signal do not play a significant
role (seefigure 7.5). Figure 7.7 shows the values from table 7.1 multiplied with the appropriate

suppression-factor.

Together with the harmonics also the phase dependence disappears. Limiting in the presence of noise gives the
input-signal sine-like properties, which again leads to a phase independent response. Figure 7.8 shows the phase

dependence in the detection of different data-symbols (1", 4" and " 8") as afunction of the input snr. The
figure shows the variance over phase-shiftsin the interval {U, L _f 2} , hormalized to the variance at an input

snrof 30 dB. Thefirst up to the lgm harmonic are taken into account. The phase dependence vanishes for

snr-values below 0 dB.
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Figure 7.8: Phase dependence as function of the input snr

If we take the low input snrinto account, we can conclude the following about the proposed data-detection
algorithm:

These
with li

Using 3-leveled twiddle-factors has a marginal effect on the sensitivity of the decision variable.

Limiting the input-signal leads to an increasing difference in detection-sensitivity for different
mfsk-channels.

Limiting the input-signal does not lead to any significant harmonics when the input-snris below 0 dB, asis
the case in usual situations. Limiting the signal at lower snr-values does influence the detection results in
the sense that there only appears an extra input-snrloss of 1 dB.

The phase dependence of the twiddle-factors vanishes for input snr-values below 0 dB

observations justify the conclusion that the introduction of the 3-leveled twiddle-factors in combination
miting of the input-signal only influences the detection performance by introducing alossin snrof

maximally 7/ 4 (1.06 dB).

Performance analysis

A schematic overview of the implemented data-detection algorithm is shown in figure 7.9. After limiting the I-
and Q-input signals are multiplied with the pn-codeto remove the ds-spreading. After that, the signals enter the
dft-ce(dftcorrelation engine) which calculates the real and imaginary parts of signals in the 16 mfsk-channels. A
square operation provides the power-levels at the output. Finally, that mfsk-channelis selected that has the highest
energy contents.
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Figure 7.9: Data-detection scheme

The decision variable on which the data detection is based is the energy at the output of an mfsk-channel (see
equation (7.8)). Thisenergy is calculated as the sum of the squares of two accumulation-factors. These factors

result from N (N=260) additions of independent samples, this validates the use of the Central Limit Theorem.
Consequently the accumulation-factorshave a Gaussian distribution. As these factors are squared and
accumul ated, the result (7.8) has a non-central chi-square distribution with 2 degrees of freedom [Mil75, p.56,].

The analysisfor this berfigure follows the same line as the derivation of the berperformance in an additive
Gaussian Noise channel (section 6.3.1 on page ). Additional aspects due to implementation issues will be

incorporated here. Formula (6.26) on page .= is used as a starting point. For convenience reasons this formulais
repeated here:

tmf{m+1)
Py = Z (—1ym+ (15) il (7.15)

m+1

in which % is the predetection snr:

_ A _ Eg fsymbol
1= 262 Ny Biput ]
The aspect we want to investigate here is the performance loss due the the input limiter. As the behavior of the
limiter depends on the input snr( = ), this value will be used as areference asin earlier analyzes. Applying
the datafrom figure 7.7 yields:
! Bflnput

v = o1 (Ye) Y - (7.16)

¥ symbal
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where T’ is the detection snrcorrected for the limiter behavior. Furthermore, the following relation between the
“sengitivity-value" and the (post-limiting) noise variance exists:

5ens

!
Y =—=. (7.17)

Zﬁﬂ

The symbol error rate can be calculated using formula (7.16) by replacing % for ’f" . Thisleads to the ber-plot in

figure 7.10. In thisfigure also aline representing the ““ideal" performance is shown.

. = —11 —10 -3 —A -7 —B -5 — =0 —=
predetection =nr

Figure 7.10: ber as afunction of the input-snr

To verify the analytical results we aso performed ber-simulations. These simulations were done by modeling
the receiver and the environment in C. As a channel model only the additive Gaussian noise channel was
considered.

From the simulation results, also shown in figure 7.10, we see that the analytical results are valid for

input-snrvalues below -3 dB. Is the input-snrhigher, the harmonics of the twiddle-factors have to be taken into
account (table 7.2). This however heavily complicates the calculation as the non-zero entries of table 7.2 have to

be taken into account. Formula (7.16) was based on the fact that there is only one frequency-band which contains
power and as aresult does not hold anymore. If we redefine the probability of the power in a frequency-channel

(reconsider the central/non-central chi-sgquare distributions (6.22) and (6.23) on page ), P[n,i] is the probability
density function of the output power in frequency channel nif frequency i is transmitted.

'

1 1/ P
—exp|-5 | == +1n,d] )| o Sens[n,i] # 0
p(Pl,y=4 29" L 2\0
1 [ P .
Eexp n\_ﬁ Sens[ni]=0
(7.18)
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where;

yin,i] = 2250l
Thisleadsto:
P[] = [P ~ _gﬂ { fp [l'w_]ﬂp{P[n,s]}d{P[n,s]}} p(P[n,n]}d(B) . (7.20)
#{0m}

This probability can only be numerically determined which is time consuming. Fortunately for input-snrvalues
below 0 dB, the ber-performance is rather good and a deep ber-analysisis not required.

Conclusion

In this section an implementation of an mfskdata-detector was described which combines a much lower
complexity (in comparison to a standard dft-solution) at the cost of a small snr-loss. The introduced snr-lossis
about 1 dB for appropriate snr-values.

The reduction in complexity was obtained in three steps:

1. Caculating the power contents of positive and negative mfsk-channels at the same time. Thisgivesa
reduction of complexity of about afactor 2.

2. Representing internal numbers of the mfsk-detector with 1.5 bits. This simplifies the required multiplication
operations considerably.

3. The multiplication steps are ssimplified even further by introducing alimiter in the analog to digital
conversion stage. The multiplication-operation has evolved from afull-size (8 bit) multiplication to a 1 bit
times 1.5 bit operation. It also becomes possible to implement the multiply/accumul ate stage as a smple
ripple counter [Tek96, Req].

In conclusion can be said that the required input-snris 1 dB higher, which can be compensated by increasing the
output power-level, decreasing the maximal distance between users or by using more advanced resources in the
front-end. The gain however is much larger: the mfskdata detection engine is now likely to fit as afunctional unit
on a sea-of-gates chip.

%

Mext| | Up| | Previous| Contents| | Index

Next: Synchronization Up: Implementation alternatives Previous: Introduction

© Jack P.F. Glas

This page has been visited times and was last modified on Wed November 13, 1996. Comments and questions can be addressed to
the WWW Coordinator.

Contact the Webmaster if you have any technical problems.

http://cas.et.tudelft.nl/~glas/thesis/node32.html (15 of 15) [11/23/2001 11:07:03 AM]


mailto:glas@cas.et.tudelft.nl
mailto:wwwcoord@cas.et.tudelft.nl
mailto:webmaster@cas.et.tudelft.nl

Synchronization

@l ﬂl F’reviaus| Cﬂntents| Iﬂde:-{l

Next: Front-end considerations Up: Implementation aternatives Previous. Data detection

Synchronization

To recover the transmitted data-message, a receiver must be synchronized to the received signal. This
section describes the synchronization algorithm to be implemented in wissce. wissce has a number of
properties that make " “standard” synchronization algorithms not suitable. There also exists a strong
demand for alow implementation complexity.

The synchronization problem in spread spectrum systems can be split into two parts:
carrier-synchronization and code-synchronization.

Carrier-synchronization

Carrier synchronization is not specific to spread spectrum systems, it takes care of frequency and phase
differences between the received signal and the signal that is expected by the receiver. The maximal
allowed phase or frequency error is determined by the data-detection scheme.

When applying an mfsk modulation scheme as in wissce, data-detection can be performed using a
non-coherent detector. Following this strategy implies that phase lock of the local oscillator (or
demodulation algorithm) to the received signal is not required. Not requiring phase-lock leaves the
guestion of: ““how large is the maximally alowed frequency error?’

FRHE]
Figure7.11: Output power of data-detector as afunction of the frequency-error
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Synchronization

Figure 7.11 shows the transfer function of a non-coherent, dft-based mfsk-detector as a function of the

input-frequency. In the left figure we see the range between 5 and 35 kHz. Asasingle channel hasa
width of 20 kHz, this represents 1.5 mfsk-channel. The channel center islocated at 20 kHz.

The amount of power loss that can be tolerated depends on a number of factors, for instance the required
berand the loss introduced by other parts of the system. If a 1% lossis alowed at this point, the power
loss due to the frequency-error small compared to other sources of loss.

Infigure 7.11 thereisaso a -1%"-lineis shown. Thisline represents 99% value of the maximum. From

the right figure (focused on the top of the transfer-function) it can be seen that the maximum
frequency-error is 1kHz to both sides.

Our approach isto use acrystal oscillator (mcxo) with an accuracy high enough to get a maximum
frequency-error of 1 kHz in the detector. The principle of the mcxoas well as the clock-control schemeis
addressed in section 5.3.

Our target is mainly in-house communications, consequently serious doppler problems are not likely.

Code-synchronization

One of the basic operations in a cdma receiver isthe removal of the ““code" which was used by the
transmitter to spread the data-message. This operation is known as despreading. In wissce despreading

includes both removal of the fh-spreading and the ds-spreading. Despreading is performed by combining
the received signal with the same code which was used by the transmitter to code the data.

To enable alow ber, the local-code should be aligned with the received signal. An alignment error results
isaloss of snr(see section 6.2.1 for the impact of such an error). Obtaining this code-alignment is the

code-synchronization process.

An important observation is that at the beginning of a new pn-code also a new symbol and a new
frequency-hop starts. Obtaining pn-code synchronization therefore implies symbol and fh-sequence
synchronization.

The clock that controls the pn-codegenerator and consequently also the starting of a new symbol-period
will be referred to as Local Time Reference (Itr).

This synchronization process can be split into two parts:

« Acquisition-stage
Thisisthe coarse code synchronization process. The objective of this stage isto resolve the code
phase error to within certain bounds which can be further reduced by the tracking-stage.

« Tracking-stage
The remaining error after the acquisition-stage is too large to guarantee proper operation. A
fine-tuning process, "~ code-tracking” is needed. This process is atwo-way search, meaning that the
Itrcan be shifted forward and backward. Tracking is performed continuously during data-detection
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and keeps the timing-error below an acceptable level.

Acquisition

Acquisition strategy

The search for acquisition is based on the auto-correlation properties of the applied pn-codes SOSL 85D,
PG94]: the auto-correlation is high if the receiver is synchronized and low in other situations. This

translates in a high detected power-level in case of synchronization and alow power-level in other
situations.

The acquisition search-space is set of all possible relative shifts of the local code with respect to the
received signal. This search-spaceis divided in g a4 Search-cells. The process of acquisitionis

identifying the so-called sync-cell, that is the cellthat corresponds to a situation in which the receiver is
synchronized. Searching a single celltakes a so-called dwell-time (t gw=[l ), Or integration-time. After

this dwell-time the power at the output of the data-detector is calculated. This power-level isused asa
decision variable to select the sync-cell.

In wissce the size of a cellcorresponds to half a chip-period ( 1 _.f 2T, ) asin typical situations. When

decreasing the size, the total number of cells will increase and consequently the acquisition-time will
increase. Enlarging the shift makes the acquisition-detection process more difficult as the
acquisition-decision variable will contain more noise. The total number of cellsin the acquisition
search-spaceis.

qagq — 2 'NDS 'N]_:I—I — 882. (?19)

The optimal value of the dwell-time is dependent on the snr. In wissce some of the fh-channels might

also be blocked by near-interference. It is therefore advantageous to examine at least all fh-channelsto
ensure that channels without near-interference are examined as well. In this situation the dwell-time will
exist of W symbol-periods, where all symbol-periods are examined separately. As aresult the

minimum dwell-time is as follows;

NFH
¥ symbol

t dwell = = 350 pLs. (7.20)

There are two ways to search for acquisition: Thefirst oneiscalled serial search: useasingle correlator
and search the cells sequentialy. A clear disadvantage is that it takes long since alarge number of cellsis
analyzed sequentially to find the sync-cell. Another way to find acquisition is by applying parallel
search: examine more cells at the same time. A number of correlators operate in parallel which causes
the acquisition time to decrease. It also increases complexity to analyze the power-contents of the parallel
stages. The required amount of computational power easily grows then beyond the available resources.
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To summarize: a serial-search strategy is slow, but cheap in terms of resource usage. A parallel-search
strategy is fast, but expensive in chip-area and required computational power. For wissce the
synchronization time should be reasonable short (see user demands), which means that the acquisition
timeis not critical. Searching all possible cells takes about 0.3 s. To achieve low complexity, the serial
search scheme is selected as the acquisition strategy in wissce.

Two important measures determine the " performance” of an acquisition-scheme:
« Thefase-aarm probability is the chance that acquisition is declared at awrong cell.
« Thedetection probability isthe chance that if there is acquisition, thisis also detected.

The usual way to tackle the serial-search acquisition problem [PG94] is as follows: After examining a
cellthe power-contents of that particular cellis calculated. If this power exceeds a certain threshold,
acquisition is declared for that cell and normal operation starts directly. If the power does not exceed the
threshold, the acquisition algorithm moves to the next cell (" "threshold-search” strategy).

There is however a problem associated with this strategy: the acquisition performance (false alarm
probability) is very much determined by the threshold value. The optimal threshold-valueisinitsturn
dependent on the power distribution of the detected signal in cells without acquisition and in the
sync-cell. For a proper setting of this threshold, the knowledge of the power-level in the presence and
absence of synchronization is needed. Thislevel depends on two properties.

1. Theinput snr, which is unknown for two reasons: the distance to the transmitter is not known and
the fading characteristics of the channel in that particular situation are undefined. Both aspects
make the input snr, and consequently, the detected power level before acquisition unknown.

2. By looking at a plot of detected output power-level against arelative shift value of the ltr(in a
serial-search scheme the detected energy as a function of time), we not only observe asingle
“peak” at the point of synchronization, several other - smaller - auto-correlation peaks appear as
well.

This property can considerably increase the detected power-level and thus causing false-locks if
the threshol d-val ue does not take thisinto account. The fact that the power-level is dependent on
the partial auto-correlation function, makes an closed formula hard to find.

The conclusion is that the threshold value cannot be determined properly [Gla92, SOSL 85b] which
results in a non-optimal acquisition strategy. A solution could be to implement an automatic decision
threshold control loop [Gli91]. Such a device however increases the required computational power
considerably. In ahybrid DS/FH system it is even more problematic as every fh-channel would need its
own threshold-loop.

We therefore propose a scheme not directly dependent on athreshold. This scheme searches all possible
cells and keeps track of the cellwith the highest energy. At the end, that cellis selected which had the
highest energy (" select-highest” strategy). Concerning this strategy we observe the following:

» The mean acquisition-time of the usua " threshold-search” is dlightly higher than the time required
to search half the number of cells[SOSL85b, p.20-27,]. Following the " select-highest" scheme

results in a mean acquisition time corresponding to the time needed to search all cells. So the mean
acquisition time doubles with respect to the usual approach.
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« For the maximum acquisition-time another story holds. As the detection probability is not equal to
1, it is possible to miss the cellcontaining acquisition in the ""threshold-search” scheme. If this
happens all cells have to be searched again and the acquisition time is extended by the time
required to perform a " select-highest search”.

The problem of the ""threshold-search" scheme was that the threshold is difficult to determine. If
the threshold is chosen such that autocorrel ation properties are taken into account, the resulting
detection probability will be low.

The ""select-highest” scheme provides a safe way to obtain acquisition within a certain amount of time.
When we recall that in wissce's protocol (see section 5.2.1), the initiator needs an acknowledgment

within a certain amount of time, for this reason we conclude that the " select-highest” scheme is suitable
to implement in the wissce receiver.

Acquisition algorithm

An agorithm implementing the acquisition search process should satisfy the following requirements:
1. Theltrshould be shifted when changing cells
2. After adwell-time the resulting power hasto be analyzed

3. The algorithm should keep track of which cellis being searched and which cells are aready
searched

4. After searching all cells the algorithm should put the Itr at the right shift-position

5. In normal operation, acquisition testing should give an answer to the question whether the system
is still in synchronization (without interruption).

6. Theinfluence of near-far interference should be ruled out as much as possible
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Figure 7.12: Code-acquisition algorithm
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The acquisition algorithm can be caught in the form of the state-diagram in figure 7.12. The operation is

asfollows:
o Satel

This state corresponds to normal operation, meaning that acquisition is assumed (ACQ==1) and
the Itris not shifted with respect to the incoming signal (SHIFT==0). The algorithm staysin this
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state as long as the measured power exceeds athreshold T £ acq , thisthreshold is a lower

threshold which is equal to the minimum signal level that guarantees a proper ber. This threshold
only has a second order effect on the acquisition performance. Once the power-level drops under
the threshold the algorithm goes to the next state.

o« Jate?2
This state is meant to reduce the probability of starting an acquisition search when the system still
Isin synchronization: it is a buffer-state between normal operation and the start of an acquisition
search. After e symbol-periods we examine the number of times that the power-level did not

exceed the threshold. If this number islarger then two, an acquisition search starts, otherwise the
algorithm goes back to normal operation. The value of two is chosen because of the property that
there should be at least two fh-channels without near-interference.

o« Jate3
In this state the Itris shifted to the next cell(SHIFT==1). This state is usually the state
corresponding to the last symbol-period of a dwell-time after which also the data from this
dwell-time is processed. The first time the algorithm reaches this state however, this state does
nothing but moving to the next cell.

When the algorithm comes from state 4, the detected energy obtained in that state (accu) is added
to the energy detected in this state. In this way a decision variable is obtained which will be used
to select the sync-cell. The variable highest keeps track of the highest value until now. The
cellnumber corresponding to this " highest” value is kept in shiftpos.

o Sate4
The algorithm staysin this state for the first part of the dwell-time. The last symbol-period of the
dwell-time the algorithm will bein state 3, so the stay in this state will be for Mgg -1

symbol-periods. The algorithm accumulates the detected power from all symbol-periods.

o« Jate5
This state puts the Itrat the cellfor which was decided that it contained acquisition
(SHIFT=shiftpos).

o JateO
After finding acquisition the system is not yet completely synchronized: the tracking algorithm
takes care of that. State O introduces a delay to give the tracking algorithm time to tune the
ltrexactly to the received signal.

The acquisition timeis equal to § acq times a dwell-time, thisisin this particular situation 0.3 s (formulas

(7.21) and (7.22)). A number of errors can occur during an acquisition search. It is however hardly

possible to give adetailed analysis of these errors as they depend on the current snr, auto and cross
correlation properties and the number of near-interferers present. For this reason we will briefly mention
possible errors and give a handle how they can be influenced. Simulation results are presented in the next
section.

« The system starts a new acquisition search while still synchronized.
If such afailure takes place, a new acquisition search will start. As a consequence many
symbol-errors are likely to occur.
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This error probability can be reduced by either lowering the threshold used to determine whether
the system is still synchronized (THacq) or by lowering the number of mfsk-channels in which this
threshold should be exceeded. During the simulation runs presented in the next section, THacq is
equal to 14 while two mfsk-channels must show an energy higher than this threshold. By choosing
the threshold equal to 14, the false-alarm probability is equal to the complement of the detection
probability for an input-snrof -5dB, no near-interferers present and auto and cross-correlation
peaks not taken into account.

To avoid the start of an acquisition search shortly after finding the sync-cell, the initial value of
dwellNo should be high enough so that the tracking-process can stabilize.

« The system does not start a new search while not synchronized.
This probability is not as critical as the one above. It just takes longer before an acquisition search
starts.

This probability can be reduced by either increasing THacq or increasing the number of
mfsk-channels in which the energy should exceed this threshold.

« Thewrong cellis considered to be the sync-cell
This error occursiif the acquisition decision variable (accumulated energy during a dwell-time) is
not maximal for the sync-cell. This error resultsin a new acquisition search. The probability on
this error can only be affected by combining the detected energy from the symbolsin a dwell-time
in an other way.

Implementation issues

Code-synchronization is the process of controlling the local time reference (Itr) in such away that it gets
locked to the received signal. Here the implementation of the Itris discussed as well as the mechanism to
the control the Itr.
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Figure 7.13: Itr-control circuit

Figure 7.13 shows a schematic view on the Itr. Every sample-period an Itr-control word is added to a

9-bit accumulator which adds modulo-130. If the accumulator exceeds 130, this number is subtracted,
and an 130-output pulse is generated.

After the generation of two 130-output output pulses, the Kasami pn-code generatoris shifted one
position. The generator output is then fed into a shift-register clocked at double the frequency (using the
130-output without divider). In this way the early/prompt/late signals can be generated. After a complete
pn-code-period of 63 chips, the generator reachesitsinitial all-zero state. Once this state is detected, a
pulse is generated to start the processing of a new symbol-period.

The ratio of the sample-rate to the code-rateis 5.2 MHz/1.26 MHz = 260/63. S0, the Itr-control word
during full-synchronization has a value of 63. In thisway it takes 260 sample-periods to complete a
symbol period.

Shifting the Itrwith respect to the incoming signal can be done by changing the Itr-control word once at
the start of a symbol. By doing this, the pn-code generatoris shifted with respect to the incoming code in
units of 1/260 of a chip-period. In this way the the start of a symbol-period is also shifted with respect to
the incoming signal's because the two clocks are linked.
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During an acquisition-search however, we do not want to shift the Itr in small steps. Instead the
Itrshift-value should correspond to half a chip-period. This shift is performed by changing the Itr-control
word to 193 at the start of a symbol-period. A complete chip-period corresponds to altr-control word of
260, so a control word of 193 corresponds to the " standard"” shift-value of 63 increased by an extra
ltr-shift of half achip-period. Asaresult there are only 258 samples in a symbol-period during the shift
to a next acquisition search cell(instead of the usual 260).

Figures7.14, 7.15 and 7.16 show simulated acquisition-trajectories using the proposed algorithm. All

simulations use the same (randomly chosen) set of code-phase offset values for the active users. The
consequence is that acquisition should be found at the same cellevery ssmulation-run. The applied
pn-codes(7 per user) are different for every user and are taken from table A.1 in appendix A. For

frequency-hopping the strategy explained in section 6.4.2 is applied. It is assumed that a user only adds
interference if that user transmits in the same fh-channel as the intended user.

To enable thiskind of simulation a code-tracking algorithm had to be implemented as well. Next section
discusses the followed code-tracking strategy.
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Figure7.14: Acquisition trgjectories for different noise situations

The plotsin figure 7.14 show acquisition-trajectories for situations where no interferers are present. It

can be seen that in anoisy environment the recelved signal-power islower than in the noise-free case.
Thiswas aready discussed in section 7.2.2. The noisy situation in this figure corresponds to an

input-snrof -5 dB (compare figure 7.10).
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Figure7.15: Acquisition trgjectory, 2 strong interferers present

In the figures 7.15 two interferers are active. These interferers have a power-level 100 times that of the

intended user. For the noisy environment we add noise equivalent to -3 dB input SNR. From the right
plot we can see that some fh-slots are jammed while others still contain full energy.

Figure 7.16 shows the acquisition trajectory in the case of a single interferer having 100 times more
power than the reference user (near-interference). The right hand-side of this figure shows the systemin
lock in more detail. It is clear that two out of seven fh-channels are hit. The acquisition system will
therefore operate in states 1 and 2.
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Figure 7.16: Acquisition trgjectory with only one strong interferer

Conclusion

This section clarified why a ""highest-search” acquisition scheme is suitable for application in a wissce

transceiver. This acquisition scheme was explained and simulation results were presented. The
simulations were done using a C-model of the wissce-receiver. The acquisition algorithm showed an
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expected behavior. The simulation results as well as the analyzed acquisition error probabilities justified
the choice of this algorithm as an acquisition scheme in wissce.

Code-tracking

Code-tracking algorithm

Once acquisition is obtained the maximum timing misalignment between the received signal and the
locally generated code is equal to the time corresponding to the size of an acquisition search-cell( 1 _/ 2T,

). Proper operation in such a situation is however not likely. The lossin snrcan be as high as 3 dB (see
also section 6.2.1). Thisleads to a substantial degradation in the berperformance. A second

synchronization stage therefore takes care about fine-tuning. This process is called code-tracking.

X} Filter data detector  |—CRi
in ,
@ Al S0R tracking-
signal
"F_f“ Filter S0R -
earhy pmmp:‘-l/ate

Phcode generator

Figure7.17: Typical code-tracking scheme

The operation of code-tracking schemes [SOSL 85b] is usually based on correlating the received signal
with an advanced and delayed version of the code-sequence. This processisillustrated in figure 7.17.
There are three signal paths in which despreading takes place:

1. The prompt-path which isused for data-detection: here the received signal in correlated with a
prompt (reference) code.

2. The early-path in which an advanced version of the code is used.
3. Thelate-path inwhich adelayed version of the codeis used.
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Figure 7.18: Typical code-tracking curve

By subtracting the detected powersin the early and late-path from each other, atracking-signal results.
Figure 7.18 shows the tracking-signal as a function of the misalignment error for atypical situation. In
thisfigure T is equal to the time interval between the early and the late-code while "delta’ isthe
misalignment in units of T. Thistime interval is usually twice the size of an acquisition search-cell(a
chip-period). From the figure we see that, depending on the sign of the tracking signal, we have to shift
the ltrin one direction or the other. Another observation isthat the tracking-curveislinear in the region
from -delta/T to delta/T.

A disadvantage of the early/late tracking scheme is the fact that three signal paths are necessary in which
despreading takes place. Extra signal paths also introduce the need for extra energy detectors. It would
therefore be quite advantageous to reduce the number of paths.

: data
”@ Fitter datadetector [+
_ tracking-
—— Fiter X =K

early |late | prompt

FPhcode generator

Figure 7.19: mctl-architecture

The Modified Code Tracking Loop (mctl) [YB82] combines the two tracking-paths (see figure 7.19) to

reduce the number of signal paths. This scheme subtracts the early and late codes before despreading. A
consequence is that square-law detectors cannot be used anymore. A square-law detector removes the
“sign” of the signal while this ““sign” is required in the mctlcode-tracking scheme.

The wissce data detection scheme however, is based on square-law detection. To apply the
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mctlcode-tracking scheme in this application, three problems have to be addressed:
1. Thesign of the tracking-control signal is difficult to determine in a non-coherent receiver structure
because the phases of the detected signals are unknown.
2. Because of the square-law detection applied in wissce, the output of the detector is a squared
amplitude. Thisresultsin aflatness around zero in the tracking-curve .

3. During data-detection the energy in al 16 mfsk-channelsis calculated. In the code-tracking scheme
we do not want to repeat this calculation.

Thefirst problem can be solved by realizing that knowledge of the absolute phaseis not required. If the
sign of the phase in the prompt-path is equal to the sign in the track-path the tracking-control signal
should be positive. If they have opposite signs the control-signal must be negative. So only the detection
of the sign of the signalsin the two pathsis required. In section 7.3.4.2 it will be shown that thisis

relatively easy, which leads to the conclusion that thisfirst problem is solved.
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Figure 7.20: Adjusted mctl-scheme

The second point could be solved by applying a square-root operation on the output-signal. However
from the implementation point of view thisis very undesirable (large area-costs). Besides, thiswould be
the only place in the receiving algorithm where such an operation is required. Shared usage is therefore
not possible.

Another solution is to multiply the power-signal from the prompt-path with the output of the track-path,
but instead use only the output of the track-path extended with the right sign. In this way the required
computational power isreduced. The price for this ssmplification is a non-linearity in the tracking-curve.

The third problem can be tackled by first performing all operations in the prompt-path. Thisresultsin an
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estimation on the received data-symbol. During the next symbol-period, the tracking-path processing can
use this knowledge to only calculate the power in a single mfsk-channel.

The proposed code-tracking scheme is shown in figure 7.20, the main differences with the standard
approach are the following:

« prompt-path detection and track-path detection is not performed at the same time. Only after
determining the data-symbol, filtering for the appropriate channel is applied in the tracking-path.
Now only asingle filtering operation needs to be performed instead of 16. The two buffers (fifo) in
the figure provide the necessary buffering of data between the pipeline stages.

« After data-detection isfinished it is known what channel hasto be used as an input for
sign-comparison. The output of this operation (1 bit) is during tracking operation multiplied with
the power in the tracking-path to obtain a tracking-signal.

a0

-0
-1 0.8 5 04 -0z L+ oz 04 o5 0.8 1

e [ohips]
Figure 7.21: Tracking curve of the wissce-tracking algorithm

The resulting tracking signal can be expressed as:
Ru{t) = [Rpn{T+T:/2)— Rpn{1-T: /2)]° (7.21)

and is shown in figure 7.21. Rp,n;l[’l'} was defined in section 6.2.1 to be;

Rpn(D Ze(®)et +1)
-9 |g<r (7.22)
0 M > T. .
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The scaling of the y-axisis according to wissce's receiving algorithm. An undesired property of this

curve isthat the shape of the curve has aflatness around the O-value. Simulation resultsin the following
chapter will however justify the use of this detector.

We will now focus on the other parts of the tracking algorithm. Aside from the " phase-detector" that
provides the tracking-signal, there is also afilter present. The location of thisfilter is between the
““detector” and the time-reference. The function of thisfilter isto reduce the loop bandwidth and thus
reducing the noise level.

*[k] @ 8 floor yiK
delay

Figure 7.22: Code-tracking filter

An intuitive approach was applied to arrive at the filter shown in figure 7.22. The "“floor"-function

representing a rounding-down operation. X[K] is the tracking control signal from the detector and y[k] is
the output. The transfer function of thisfilter is:

[ + Y52 (x[n] —a ¥n])

yli] = . (7.23)

To fix the value of a the operation of the local time reference (Itr) should be taken into account. A part
of the tracking-scheme is shown in figure 7.23. The Itris responsible for giving " shift"-commands to the
pn-code-generator. Also at the start of a symbol the Itroffers the possibility to introduce a phase step.
This phase-step should be specified in steps of 1/63 of a chip-time, due to the chosen implementation.

CK
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FPMcode
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Figure 7.23: Controlling the local time reference (Itr)
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Simulation results of the complete synchronization algorithm gave directions for choosing a value of a.
Objectives were fast initial tracking behavior and a small residual tracking-error. The value of thisa was
determined to be 16. The simulation resultsitself are discussed in section 7.3.4.2.

The following statements can be made concerning the code-tracking process:

1. By following a code-tracking scheme based on the mctlwe combine the early and late signal into a
single path. This reduces the required number of operations considerably.

2. The mctl-scheme is adjusted in two ways: the architecture is changed in such away that it can be
combined with mfskmodulated signals and no square-root operation takes place.

3. Avoiding the square-root operation leads to a flathess in the tracking-curve around zero. This loss
however will be tolerated to save the need for extra functionality (square-root operation) not
required elsewhere in the transceiver.

4. Dueto non-linear effects the tracking-loop is hard to analyze. This was the reason for choosing an
intuitive approach to determine aloop filter.

Implementation issues

During code-tracking it isimportant to synchronize the local time reference to the received signal. In
section 7.3 we aready described the main principle. Here the focus will be on the implementation of the

tracking algorithm.

The data-detection and tracking algorithm is shown in figure 7.24. Here we see the trand ation from the

scheme introduced in the previous chapter (figure 7.20 on page ). The upper side shows the

data-detection algorithm as explained in the beginning of this chapter. After multiplying the incoming
signal (I and Q) with the prompt-code, the dft-cecal culates the real and imaginary parts of the signalsin
the 16 mfsk-channels. A squareoperation calculates the energy in the 16 mfsk-channels. The channel with
the highest energy is determined and the symbol corresponding to this channel is most likely the
transmitted symbol.
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Figure 7.24: Tracking-loop

In addition this symbol is used to determine the sign of the corresponding real or imaginary part,
depending on which islargest. Thissign is required in the tracking-loop.

At the bottom of the figure, the incoming signal is multiplied with an early-late code like in the mctl.
Here a dft-ceonly calculates the signal from that frequency-bin that was detected to have the highest
energy contents. Again the power and the sign is calculated. Multiplying these signals with the sign from
the prompt-path yields a tracking-control signal. It is important that the phase-offset of the
twiddle-factorsused in the prompt-path is equal to the phase-offset of the twiddle-factors used in the
tracking-path. If thisis not the case, the detected signs in both paths cannot be compared.

Code-tracking simulation can be performed in several ways. Actually the simulated
acquisition-trajectories presented in the previous section already showed a part of the code-tracking
behavior. In this section first the simulated tracking-curve will be compared with the calculated curve.
Then the code-tracking behavior will be shown as a function of time.
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Figure7.25: Calculated and simulated tracking curves

Figure 7.25 shows a comparison between the ssmulated and cal culated tracking curve. We observe the
following:

1. Inthe noise-free situation the calculated and simulated tracking-curves are similar in the region for
o' I _f 2107, _f 2 . Outside this region the simulated curve shows anumber of dips. These are

positions where the receiver drops " out of lock".

2. The amplitude decreases if the noise-level increases. As aresult the tracking-process becomes
slower (due to the structure of the filter, the integration-time increases).

3. Variationsin the output-amplitude can be high due to noise. This could have the undesired effect
of going up and down, although the loop-filter will decrease these effects.
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Figure 7.26: Simulation of tracking-process

The tracking-process itself is shown in the plots of figure 7.26. This figure covers the same simulation
results as presented in figure 7.14, however we now concentrate on the tracking-process. At acertain
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moment the Itris put at the sync-cell. At this moment the output power is about 125 (units). After this
moment we find that the received power level increases. Thisis due to the tracking-process being active.
After about 30 symbol-periods the system arrives at a minimum code-tracking error. Another interesting
aspect of this plot is the autocorrelation peak at time-stamp 2027. This shows that these autocorrelation
peaks can be quite high.

In the left-hand side plot (note the different scale) we see the tracking-process in a noisy environment.
Thefirst observation is that the final power-level islower. A second observation is that the
tracking-processis slower. In this situation the system needs more than 60 symbol-periods to cometo a
stable state.

One conclusion concerning ssimulation of the tracking process can be that although the code-tracking
loop is not analytically analyzed, simulation runs suggest that it behaves as desired. The misalignment
disappears while the time spent in initial code-tracking is short to the acquisition time.

Conclusion

This section dealt with the code-tracking al gorithm implemented in wissce. We found that a " standard"

code-tracking scheme could not be implemented because of the non-coherent mfsk-modulation technique
applied in wissce. Also there was an important demand towards alow complexity solution, which was a

reason for further ssimplifying the algorithm.

Because of a number of non-linearities, an analytical evaluation of the code-tracking loop appeared to be
very hard. For this reason we relied on simulation runs during both design and evaluation. The final
simulation results presented in this section showed satisfactory code-tracking characteristics.
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Front-end considerations

Introduction

The front-end is that part of the system that copes with the high-frequency antennainput signals. It mainly
transforms that input signal to a " format" which can be converted into the digital domain. The " “front-end" is
defined asthe part of atransceiver that is situated between antenna and digital baseband processing. In the
transmission chain from ddsto antenna and in the receiving chain from antennato sampler. The front-end has
mainly four tasks:

Amplification

takes care of amplifying the input-signal which is usually very weak (typically below -80dBm) to a
power-level to be used as an input for alimiter converter.

Channel selection and frequency translation

IS the operation in which the transmitter signal is up-converted to the rf-frequency and the receive signal at
the rf-frequency is converted to baseband. Aside from this frequency-translation operation also filtering takes
place to select a desired frequency band in the incoming signal (channel selection).

In cdma-systems channel selection is usually not applied: a single communication links uses the complete
receive frequency band and no channel needs to be selected. In wissce however, the front-end takes also care

about the fh-despreading. This means that there is an frequency-synthesizer present in the front-end which
creates the frequency-hopping carrier signals. In this way some kind of selectivity appears in the front-end.

Filtering

Beside the desired signals an antenna will also catch other, interfering, signals. Aslong as these signals are
located in other frequency-bands, they can be filtered out.

An issue specific to wissce is the fact that the front-end must be able to swap receive and transmit band. This
introduces the need for switching filter-bands in the rf-chain.

Removal of the spread spectrum coding
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Front-end considerations
In wissce despreading is split into two parts. removal of the fh-sequence (fh-spreading) using a direct digital
frequency synthesizer (dds) and removal of the pn-code. The latter operation takes place in the digital domain

and is consequently of little concern for the front-end. fh-despreading however takes place in the analog
domain in the front-end and should be taken into account.

Considerations

Some issues specific to a system like wissce are:

1. Thefrequency-band of interest is wide: the whole ds-band (1.3 MHz) is processed in the digital
domain. This desired frequency-band is much wider than in usual systems. The consequence is that
using standard channel selection filtersis not possible.

2. Because of full-duplex operation, atransceiver must be able to swap receive and transmit bands. This
introduces the need for switching filter-bands in the rf-chain.

3. An extraconversion stageis required to perform fh-despreading. The consequence of using a direct
digital synthesizer [Puc94, Hol94] is that aso spurious components appear in the output spectrum.
Some of them are interfering signals and should be filtered out.
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Figure 7.27: Schematic view of possible transceiver architecture

The transceiver configuration already shown earlier is repeated herein figure 7.27 for convenience reasons.

From thisfigureit is clear that the frequency translation as well as the channel selection is divided over a
number of stages. The frequency-hopping is done using adirect digital synthesizer (dds, see section 5.3) .

A complete specification of wissce's front-end will be described in [Com96].

Conclusions

In this section we briefly addressed the front-end design of wissce. Asthe design of afront-end isnot a
central research-theme in this thesis, there was a preference to use standard component.
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Front-end considerations
To follow this strategy it is however important to face issues specific to afull-duplex cdma system like
wissce. The purpose of this section was to indicate in what senses the wissce front-end differs from usual
systems.
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Conclusions

This chapter dealt with several implementation aspects. Two important parts of the system were
considered to find ~"efficient” implementations. the data detection engine and the code-synchronization
algorithm. Simulation results of both parts showed results that validate their usage in wissce.

The data detection and code-synchronization algorithm together form the main parts of the baseband
processing of wissce. The agorithms presented in this chapter were implemented in a C-description to

allow for simulations. This C-description will also be used as an input to the hardware software
partitioning stage in the next chapter.

%
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Introduction

While the previous chapters focussed on system design issues and algorithms, this chapter describes the

hardware/software partitioning process, i.e.: giving an answer to the question: ~“what functionality to put
in hardware and what functionality to put in software?'. This description is based on results gained from
the previous chapters.

In the previous chapter (page ) it was mentioned that a C-model of the receiver was used to enable
system-level simulations. This C-model also serves another goal: it can be used as an input to the

hw/sw-partitioningprocess as was described in chapter 4 on page . By using the same code for both the

system-level simulations and the partitioning we ensure that there are no discrepancies between
simulation and implementation at this point.

Providing an algorithmic description of the receiver is unfortunately only the first stage of the
partitioning process. It was already explained in chapter 4 that to efficiently search through the whole
hw/sw-partitioning design-space it is very much desirable to be guided by an automatic tool. Beside
requirements for the partitioning results which were addressed in chapter 4, also user-demands towards

usage of such atool exist. A number of important requirements are:

« Ability to cope with hierarchy
When looking at an algorithmic input description, it is clear that granularity should not be at a
single operation. Before the partitioning process starts operations must be clustered into
“functions” for which the partitioning question is a reasonable one. Nowadays it is still hard to
automatically determine thiskind of ~“functions’. As a compromise an automatic tool should
enable the designer to apply his/her ideas about clustering (hierarchy).

« Verification of the input-description
Aswriting flawless code is rather hard in general, it isimportant to have some meansto verify
whether the input-description does not contain errors or inefficiencies. The best way to do thisis
by presenting the description to the designer in an easy understandable format, for instance viaa
graphical representation.

« Ability to cope with uncertainties
Functionality is only implemented at the time a decision is made whether that function will be put
in hardware or in software. Asaresult it isnot possible to provide exact data on the cost-functions
at the time the hw/sw-partitioningprocess starts. To solve this problem a designer will usually
"guess’ cost-data. A disadvantage of this approach is that using ~ wrong-guessed" numbers might
give non-optimal results or even results that are outside the specifications. It is therefore important
that an automatic partitioning tool can cope with this kind of uncertainties.
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« Putting the designer in control
To prevent the hw/sw-partitioning process from going into wrong directions and consequently
arrive at undesired solutions, it isimportant that the designer stays in control of this process.

A tool-set that meets these requirements to a large extent is stone [Cap95]. In stonea number of
castle-tools [TSV94] is combined with a hw/sw-partitioning-tool called HSpart [Kar95] . Inthis
chapter we will describe how the partitioning process using stoneworks out for wissce.

Next section deals with the input data to the partitioning process. Here it is shown how the designer is
responsible for clustering and how inefficienciesis the design can be coped with. Also the issue of
obtaining the cost-data on all implementation alternatives is covered in this section.

After the description stage we will concentrate on applying HSpart and discussing its results. Thisisthe
subject of section 8.3. At the end a number of conclusions will be stated concerning the used

hw/sw-partitioningstrategy.
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System description

Deriving the sir-graph and profiling information

In the introduction it was stated that stoneenables a designer to control the hw/sw-partitioning-process.
One way to influence this processis by clustering the operations into functions for which the
hw/sw-partitioning-question makes sense. To do so, the designer has to use function-callsin the input
algorithmic description.  The function-calls that appear in the main-function of the description are
included in the partitioning process. Operations in the main-function which are not function-calls will not
appear in the graph. These operations are supposed to be implemented in software as part of the
“supervisor”. It isimportant to keep thisin mind before specifying timing-constraints as these operations
will also take time. In conclusion: by structuring the C-code in a certain way the designer decides which
functions take part in the partitioning process.

Another way in which the designer can control the structure of the graph is by choosing away to dedl
with coarse grain parallelism like for instance pipe-lining. Also the "timing-schedul€" will influence the
“structure”. For instance the choice: what functionality to perform in-line (triggered by the incoming
data stream), and what functionality can be performed triggered by the system clock (off-line)?

The fact that the structure of the input description heavily influences the hw/sw-partitioningresults has
two sides: If a designer does not know exactly how to tackle the problem, it is possible that a sub-optimal
solution will be the result [Gla95, WDW94]. An advantage is however that, the designer gets the
opportunity to direct the partitioning tool into a sensible direction. The latter resultsin afaster
partitioning process.

Another feature that stoneis said to have isto enable the designer to ~ verify" the design. This property is
implemented by trandlating the input C-description into a graph which is then, in agraphical way, shown
to the designer. In such a graphical representation inefficiencies can be tracked easily and the designer is
able to correct the input description before starting the partitioning process.

To perform the translation from C to a graph, a number of castle-tools[TSV94] are used. Asaresult the

internal representation isin the form of a so-called sir-graph. The sir-graph representing the digital
receiving process in wissce is shown in figure 8.1. The ““ovals' represent the functions while the

“rectangles’ represent the variables. As the graph only contains the function calls from the main-function
with their dependencies, the trandlation from the C-description to the sir-graph is not reversible.

Figure 8.1: sir-representation of wissce's receiving process
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System description

To ease the understanding of the receiving algorithm, the structure of this graph is shown in figure 8.2. In
thisfigureit is shown what operations can be performed in parallel.

iMwiddia®
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roff-line)
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lin-line)

tracking- path

prom pt-path

Cromi D Compn D (Come D
‘readFes" "swapbuft "triitt*

Figure 8.2: Parallelism in the wissce-receiver

The function on the top: iTwiddle is performed on reset. The operation takes care of the initialization of
the twiddle-factorsused for data-detection (see section 7.2). All other functions arein aloop and are
called at least once every symbol-time. In the left-arm every symbol-time starts with an initialization,
these functions can be processed in parallel:
reset_ac
Is applied to reset the data-detection accumulators (accu) to their initial value.
resetPNgen
resets the pn-code-generator (gen) to its all-zero state and loads a new code. The codesto be
used are stored in codes while codeCount is an index to the actual code.
phaseShift

tellsthe local time reference (Itr) to make a phase-step, the size of this step isread from
trackCntr. This function takes care about code-tracking.

Thereafter aloop starts, which is carried out N times. N is the number of samplesin a symbol-time,
which isfixed to be 260 (see equation (7.1)). These functions are performed ""in-line" which means that

the loop is triggered by the sample-clock.
readSample

takes care about reading a new input-sample and putting it in sample. Such a symbol
contains ain-phase and quadrature sample, both in a one-bit representation.

shiftPNgen
shifts the pn-code-generator one " sample'-time.
After reading an input-sample and shifting the pn-code-generator, two activities start in parallel: the

prompt-path processing which collects data for the data-detection, and the tracking-path processing
which does the early-late despreading which is needed to perform code-tracking. In the prompt-path
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processing the following functions are performed:

getPrompt

reads the the prompt-code (promptCode) from the PN-generator, called after shifting the
generator.

| Qmpy
multiplies an in-phase/quadrature sample with a 2-leveled code-chip, the result is put in
promptSample.

corr
Is an operation which performs the prompt-path data detection. The correlation goes in-line
while the results are accumulated in accu. During this operation the twiddle-factorsare read
from twPrompt. The correlation is done in eight independent channels and can therefore be
performed in parallel. A single corr-operation consists of the calculation of four
accumulation-factor s(for two mfsk-channels).

readRes

collects after N sample-times the correlation-data (accu) and putsit in cResults.

The tracking-path processing contains the following functions:

getEL

reads the early-late code, thisis a 3-leveled signal which results from subtracting the
|ate-code from the early-code. The code chip is put in trackCode.

| QtrMpy
performs the same functions as |Qmpy but now for a 3-leveled code-chip (which isthe case
for the early-late code). Theresult is put in trackSample.

inBuf
puts a 3-leveled in-phase/quadrature sample in trBuf. During the tracking-stage (corrTr)
samples are read from the buffer.

swapBuf

takes care of ~swapping" the tracking-buffer (trBuf) after receiving al inputs belonging to a
symbol-period. This buffer forms the connection between the two pipe-line stages. If anew
symbol starts, the samples which are read during the previous symbol are swapped to the
output buffer. The input-buffer isreset so that new samples can be read.

The right-arm represents the second pipe-line stage. The first operation is peakdetect which converts the
data from corrResults into powers per channel. Thereafter it selects that channel with the highest energy
contents. The data-symbol corresponding with this channel is considered to be the transmitted symbol.
All datainvolved with this decision is put in DET. After performing the data-detection, four operations
are carried out in paralel:
acqdetect
finds out whether the system is still in lock, its operation is described in section 7.3.3. A
test-bit (test) represents its decision.
reset_ac
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starts a sequence of functions used to perform code-tracking. The functions resets the
accumulator used for the tracking-correlation (accuTr).

outBuf
reads tracking-samples from trBuf and puts the requested sample in trackSeq.
corrTr

performs the same operation as corr in the prompt-processing path. However this function
deals with 3-leveled input-signals. Results are accumulated in accuTr. The
twiddle-factorsare stored in twTrack, Different buffers for the prompt and tracking
twiddle-factorsare required as they are read at different times.

trPhDet
performs the phase-detection in the code-tracking loop (see section 7.3.4). The results goes
to the variable track.

trFilt

filters the output of trPhDet (loop-filter). The filter itself is represented by trDat its output
goes to trackCntr which is used by phaseShift.

Not all operationsin wissce's digital baseband processing appear in the graph. The frequency-hopping
synthesizers used for fh-spreading and despreading is not included as it was obvious that the high
clock-speed required in this circuit demands a hardware implementation.
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function name # calls in-ling off-line

COIT 2080 X
inBuf 520 X
IQmpy 260 X
IQtrMpy 260 X
corr Lt 260 X
getEL 260 X
getPrompt 260 X
inBuf 260 X
outBuf 260 X
readSample 2060 X
shiftPNgen 260 X
reset _ac 2 X X
WriteToBus 1 X
acqdetect 1 X
carr'lr 1 X
peakdetect 1 X
phaseShift 1 X
readRes 1 X
resetPNgen 1 X
swapBuf 1 X
trFilt 1 X
trPhDet 1 X

Table 8.1: profiling data of wissce

Except for the combined data and control flow from figure 8.1, the partitioning software also needs to

know how often the various functions are called. To obtain this data, we use profiling results after
processing asingle symbol, results are given in table 8.1. The first column gives the function-name, the
second shows the number of times the function is called during a single symbol time. The third and
fourth column show whether the function is called in the right-arm or the left-arm. AsinitTwiddleis only
called once at the moment the receiver is switched on, it does not appear at all.
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Deriving cost-functions

The third feature stonewas said to have is the ability to cope with uncertainties. The problem isthat as
exact cost-datais usually not known at the moment the hw/sw-partitioningprocess starts, the designer has
to "guess" about this data. This approach has the undesirable consequence that partitioning results can
become inefficient or even get out of specification.

The partitioning tool HSpart [Kar95] takes care of this problem by allowing the designer to supply

Imprecise data in the form of triangular fuzzy numbers  (possibilistic data). All costs can now be
represented using three numbers:

X = (", #).
Here X represents the most-possible value, x’ the lower-bound value and X the upper-bound value of

variable X. The most-possible value is equal to the designers " "guess’. As upper-bound values and a
lower-bound values are aso taken into account, the risk of getting an inefficient or out-of-specification
partitioning can be much smaller compared to usual approaches. Upper-bound and lower-bound values
are usually rather easy to find. An area upper-bound value can for instance be found by performing afast
placement/routing step. A lower-bound on this parameter could be found by only counting the required
gates and leaving out any wiring.

In conclusion: by supplying fuzzy numbersin stead of crisp-numbersthe risk of getting aresult whichis
inefficient or out of specification is reduced. On the other hand the designer has to supply extra data on
the lower-bound and upper-bound values. This datais usually easy to obtain.

Although the introduction of fuzzy input data can reduce the risk of getting inefficient results, deriving
the required cost-estimation datais still tedious work. In the following we will concentrate on the process
of cost-derivation.

Asthe cost-data isto alarge extent dependent on the available resources, they will be recalled here. For
hardware implementations there is a semi-custom ic fabrication process available which is based on the
fishbone image: a gate-isolation image in a 1.6 jL cmos process with 2-level metallization. The digital

part of the system (both general purpose and dedicated hardware) should be realized, if possible, on a
single chip which contains 100,000 n/p transistor pairs. The sea-of-gates design system ocean [GS93] is

being used for prototyping. Concerning the software-cost, we will assume to have a tta-processor (see
chapter 4, page ) clocked at a speed of 41.6 MHz.

L et us now make a distinction between data and functions. For data, timing does not make sense, the
only time that plays aroleisthe interfacing time which is specified separately. The estimate on the size
of the datais rather easy. The hardware costs can be expressed as a cost per bit-storage, which isto be
multiplied by the number of required memory elements. Uncertainties in this context are: does the
flipflop need areset? can dynamic logic be applied? how "“clever” is the design? On the basis of
experience we define the cost of a single bit-storage element to be (in n/p-transistor pairs):

C avea, Bipfiop = (16, 12,21).
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So the most-possible flipflop-size is 16 pairs, the minimum size is 12 and the maximum size 21 transistor
pairs. On the basis of this number the hardware-costs of all variables can be determined. The software
costs are expressed by crisp numbers equal to the number of bytes used.

The cost-determination of the functions is more complicated. The estimations can be based on previous
designs, automatically generated designs or just experience. The estimates used in this example are based
on data from previous designs adjusted for the changes introduced.

The costs of software functionalities are derived from profiling the code for the target architecture. To do
this the code-generation software belonging to the move-framework is used [Ho096, Cor95].
Uncertainties in this sense are the amount of parallelism possible. To derive proper cost values, we chose
asmall move-configuration (2 busses, 2 alus, 1 multiplier and aload-store unit) and had the scheduler do
itsjob. The sequential code-sizes/latencies are used as maximum values, while the parallel
code-sized/latencies are used as most possible values. The minimum values are based on the scheduled
numbers which are adjusted for the possibility of alarger move-configuration and manual optimization of
the assembly code.

The third set of costs contains the interfacing cost, for this cost there are three possibilities:

1. hardware to hardware costs will be assumed to be cheap: once the signal is available it takes only
aconnection to passit to another functional block.

2. software to software costs include putting data on the bus and reading it from the bus (via sockets).

3. mixed software to hardware costs include reading or writing to the bus, before or after that
operation the data is available in hardware.

Constraints

HSpart can be configured in such away that it optimizes the used ic-area under the condition of timing
constraints. The area available for the system is a single sog-chip that contains about 100.000 n/p
transistor pairs. This chip should accommodate both the hardware functionality and the software
functionality. The move-configuration used to obtain profiling data had a size of about 60% of the

chip-area. Thisleaves 40% or 40.000 transistor pairs for dedicated hardware.

The constraints used in the partitioning process are timing-constraints. For the receiver we define three
maximum path latencies: two in the in-line path (left-arm) and one for the off-line path (right-arm). In the
in-line path we split the prompt-path from the early/late-path. By choosing these latencies, the critical
paths of the receiver are captured in three different path-latencies.

One global time limit is the symbol-period, the processing in al three paths must be completed within
such atime-frame of 50 jL§ . However within this time-frame also supervising tasks (operationsin the

main-function, not appearing in the graph) must be carried out. As there will also be uncertaintiesin the
supervising process, the timing constraintsin all three paths will aso be represented by possibilistic
values. For the supervising tasks the timing cost-estimateis:

CT_:IJ:I]_:[l'lg, SUPEIVIEOr — {12: lﬂ, 16:} bLs
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which corresponds to a minimum of 20% of the time-frame spent in supervising tasks. The typical value
Is 24% while the maximum value is 32%. Thisresults in the following timing constraint:

ConstTym: = (38, 34, 40) JLs.

By now numbers on the cost-data are found as well as timing constraints. The partitioning process can
start.
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Partitioning process

After afirst partitioning run we decided to lock the tracking-buffer (trBuf) and the twiddle-factors (data
sequences used by the dft-ce) (twPrompt and twTrack) in external hardware. The reason for thisis that
the amount of datato be stored in these variables is too much to put on the chip. By ""locking" and
““unlocking™ certain implementation alternatives and by initiating new partitioning runs the designer
staysin control of the process.

Thefina partitioning result is shown in figure 8.3. The resulting costs (in possibilistic format) are given
in table 8.2. That table shows that for the chosen configuration the timing-constraints are met, while also

theic-areais reasonable (maximally 30% of a sog-chip). It should be noted though that these numbers
are only indications, the real costs are only known after implementation.

HW chip-area (20095,19744.29129) n/p transistor pairs
prompt-path latency | (16640,8728,24819) ns
track-path latency (13829,10700,16956) ns
offline-path latency | (34167,28350,39669) ns

Table 8.2: Final Costs

In the top left corner of figure 8.3 we see the three path-latencies and the one available processor (move).

The dark blocks are selected to put in hardware while for the light-blocks a software implementation is
chosen.

Figure 8.3: hw/sw-partitioning result

What we see from this picture is that the in-line processing path is amost completely put in hardware.
This seems to be a sensible choice for the following reasons:

« The agorithm behind the correlators that form the largest part of the in-line processing path, is
optimized for efficient hardware realization. For example: the processing is done with 2 and 3
leveled signalsinstead of 16 bit signals. In hardware this saves space while in a software
implementation it would still use complete bytes.

« Some functionality in the system is clustered in hardware. The pn-code generatorfor instance: if
one of the functions dealing with this generator is assigned to hardware, the generator will be on
the chip. The other functionality of the generator is then available as well and that functionality
will be automatically put in hardware too.

« Except for the correlation, the in-line path does not contain much processing. Simple operations on
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Partitioning process

the input samples are executed, these operations can efficiently be mapped on hardware.

On the other hand, the off-line processing path contains more signal-processing tasks (peakdetect,
trPhDet etc.). Except for the pn-code generatorwhich was already in hardware, those operations were put
in software. Also the compute-intensive correlation operation used for tracking (corrTr) is put in
hardware, just like its equivalent in the in-line path.
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Conclusions

In this chapter the hw/sw-partitioning-process of the wissce-receiver is described. We found that using a
visualization of the input description was very helpful in detecting flawsin the design. It also appeared
that user-interaction is still important. A good example of thisisthe ""clustering”: combining operations
into a set of functions for which the hw/sw-partitioning-question makes sense. Structuring the input
description gives the designer another way to control the process.

The partitioning process itself was eased by the use of HSpart. Asthe input-datais generally not exactly
known at the moment of partitioning, a designer will “"guess" about this data with the risk to get a result
which isfar from optimal or even outside the design specifications. HSpartis atool that can cope with
uncertainties in input-data, in this way the risk of getting inefficient results can be controlled.

The partitioning results from the previous section can now be used to configure a processor framework
and to design the hardware and software parts. This part of the design-process will be addressed in the
next chapter.

%
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Introduction
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Introduction

In previous chapters all necessary data was collected to enable the design of a processor framework and
firmware to implement the baseband processing of the wissce transceiver. This chapter will make the

design more concrete. It will show whereto the design trajectory described in previous chapters can lead.

First the hardware issues will be addressed. The processor framework existing of both
standard-functionality and application specific functionality will be described. Also a processor outline
will be shown. As an important part of the functionality isimplemented in software, the firmware design
will be addressed separately in section 9.3. After discussing both the hardware and software parts, the
combination of them can be evaluated. To this end co-simulations will be performed, a subject addressed
in section 9.4. At the end we will briefly evaluate the issues addressed in this chapter.
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Hardware design

The hardware used to implement wissce can be divided into two parts. standard functionality that can also be

found in general purpose processors and application specific functionality dedicated for performing specia
operations. After discussion these two parts, the complete processor configuration is shown.

Processor framework

From chapter 4 we recall that a transport triggered architecture (tta) was selected as a processor concept on
which the implementation of wissce is based. For convenience reasons the figure showing this processor
architecture is again shown in figure 9.1.
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Figure 9.1: Structure of atransport triggered architecture with four busses
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An example of attaisthe move-architecture proposed by Corporaal and Mulder [CM 91, Cor95]. Properties of
this architecture that make it suitable for implementing an embedded system like wissce are:

« flexibility
A designer can select his’lher own move-configuration. By the addition or removal of functional units, the
processor can be tuned to the receiver's algorithm. Not only " standard” functional units can be included,
application-specific functionality can be included as well.

« Simple processor organization
The operation of a processor following this concept is simple. Actually the only operation supported by
the processor isa "move"-operation. The " real"-functionality of the processor isimplemented in
functional units (fus) that can be described independently.
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Hardware design
« ability to cope with various latencies
Scheduling is done during compile-time. The scheduler [Hoo96] can cope with different latencies for
different fus. In thisway all fus can have their own latency.
« instruction level parallelism
While a certain fuis performing its job, data can be moved to another fu. This means that more

instructions can be processed simultaneously which leads to instruction level parallelism and
interleaving.

The remainder of this section is about a processor configuration implementing standard functionality, this
configuration will be referred to as mini-move2, the successor of the mini-move architecture introduced in
[Stro94]. Later on the application specific functionality will be added.

The mini-move2architecture is aresult from refining the mini-moveconfiguration after interpreting the
profiling-data resulting from simulation runs. This configuration was also used to obtain cost-data on software
implementation alternatives during the hw/sw-partitioning-stage (see also [Ni€96]).

Standard functionality that is included in the mini-move2contains the following functional units (fus):
1. 1lregisterfile (GPR) existing of 16 registers.
2. 2integer-units (INT1/2) for addition and subtraction.
3. 1 compare-unit (CMP) for comparing 2 signed integers and generating ~ sguash requests” depending
on the guard of the instruction. A sguash cancels amove. In thisway conditional execution is enabled.

4. 1Instruction-fetch unit (PC) which fetches the instruction, takes care of interrupts and keeps track of
the program-counter.

5. 1logic-unit (LOG) to perform the boolean operations: shl, shr, shru, and, ior and xor.

6. 1limmediate-unit (IMM) to perform immediate addressing. The standard way of performing these
operations is not satisfactory. For this reason such a unit isincluded. In practical realizations this unit will
be integrated in the instruction fetch unit.

This “standard" functionality enables the usage of this processor for general purpose applications. The
application specific functionality enables faster execution of specific operations.

Application specific hardware

Following the partitioning result from the previous chapter (see figure 8.3) the following application specific
functionality has to be implemented:

» mfskdata-detection
In the prompt-path the mfskdata-detection takes place (functions rTwiddle, resetac, corr and readRes).
From thefigureit is clear that these operations are implemented in hardware.

« pn-code-generation
All operations related with the pn-code-generation (functions resetPNgen, shiftPNgen, getPrompt, getEL
and phaseshift) are implemented in hardware as well.

By observing figure 8.3 in more detail it can be concluded that not al ~“dark™ (= hardware) blocks are

mentioned. Operations related with the despreading operation and the tracking-buffer can be more efficiently
mapped on hardware outside the processor-framework (not as functional units). They will be implemented
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accordingly.

Evaluating wissce's operation and considering the issues above leads to the following set of application
specific functional units:

1. A dft-cewhich performs the mfskdata-detection. The functions to be implemented on such a unit are:
corr, corrTr, resetac and readRes.

2. A pn-code generatorwhich implements all functionality related to the pn-code-generation.

To enable also transmission of data, this fualso includes a second pn-code generator. As the transmission
task is less computationally intensive than the receiving task, it will not be a problem including this task
in this fuas well.

Furthermore this application specific fuis also responsible for the generation of the " start-symbol"” signal.
This signal is an important control signal, it initiates the processing of a new data-symbol and is used by
various other functions implemented in both hardware and software.

3. Thethird application specific functional unit containsthe frequency-hopping synthesizers needed for
frequency-hopping spreading and despreading. The functionality of these synthesizers did not appear in

the graph as motivated in section 8.2.1 on page .

4. A multiplier/accumulate circuit which is used in the calculation of the powersin the different
mfsk-channels. While deriving software costs it was assumed that a multiplier was available in the
processor architecture. As wissce uses square operations wherever a multiplication appears, a
multiplier/accumulate circuit was considered as being a more efficient choice.

5. Finally an input-data conversion fuis required to convert the serial input data-stream to a symbol
representation.

mfskdata-detection fu

Interfacing with the dft-ce-fuisillustrated in figure 9.2. The unit consists of nine correlation-engines, eight to
be used during data-detection and one for code-tracking purposes. All correlation engines are built from four
counters which are responsible for counting the real and imaginary parts of the frequency-representation in two
(mirrored) mfsk-channel s(see section 7.2). The design of thisunit is described in [Tek96].

At a symbol-period reset (Corr-Reset) the contents of the 8 data-detection correlators (32 counters) is moved
into buffers which can be read from the move-bus. At that moment also the contents of the countersis preset to
itsinitial value. These 32 counters operate in-line at the sample-frequency of 5.2 MHz (Corr-CK). Internal
clock speeds however reach 20.8 MHz. After the first symbol-period these correlation results are valid.

Writing an address to the corr-req trigger register results in putting the contents of the addressed buffer in the
output-buffer one cycle (latency=1) later.

If anumber iswritten in trigger-register corr-track, a correlation-operation starts in the tracking-correlator at
processor-speed. The twiddle-factor scorresponding with the requested number are used for this correlation, in
this way the appropriate mfsk-channel can be selected. When the correlation isfinished, aflag is set to notify the
processor that the results can be read. The value of the flag can also be read viathe corr-req register.

Reading the count-values from the tracking-correlator is done in the same way as reading the contents of the
other counters.
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Figure 9.2: Interfacing with the dft-ce-fu

There are 2 more control-signals present: trigger-track and track-ready. The first signal is an fu-output to the
tracking-buffer that indicates that a tracking-correlation run can start. The second signal is an input signal to the
futhat indicates that all tracking-datais sent.

Code generation fu

The interfacing with the pn-code generator-fuis shown in figure 9.3 whereas a description of the design can be
found in [NC96]. The unit consists of three parts:
1. A pn-code generator (K asami-code generator Rx) to perform the despreading (in the receiver chain). This
unit generates a prompt-code signal and an early-late signal.
2. A pn-code generator (K asami-code generator Tx) to perform spreading (in the transmitter chain). The
prompt-code is generated with the speed of the transmitter chip-frequency.

3. A clock-circuit (see also section 7.3.2), that can be controlled to enable code-tracking.

All three parts have their own trigger-register. Once avaue arrives at the trigger-registers PN.Tx, PN.Rx or
PN.cntr, this value is stored in the socket to be used during the next symbol-period. There is also afourth
trigger-register (PN.req). If anumber iswritten to thisregister, one cycle later the status of " start-symbol" flag
appears in the output-register: if anew symbol started since the previous request, the status-bit is 1 otherwise 0.
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Figure 9.3: Interfacing with the pn-code generator-FU
dds-fu

An outline of the interfacing with the futhat contains the Direct Digital Synthesizers (dds) is given in figure 9.4.
The operation of this particular ddsand its implementation can be found in [Hol94, Puc94].

The interfacing is as with the pn-code-fu: For both synthesizers there is atrigger-register in which the new
frequency setting word (fsw) can be stored. Except for a clock-input which is used to generate the
output-frequencies, also two symbol-start inputs are available: one initiates a new carrier-frequency for the
receiver, while the other does the same for the transmitter. A transmit-code input enables ds-spreading in this
fu.

lt ngger ltrigg er
dds Rx | ddsTx

transmit-code
—

DOS-FU DDS Rx

DDS Tx
G, start- start- Fx- T

(818 MHz) symbal Tx-symbol signal sigral
Figure 9.4: Interfacing with the dds-fu
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Squaring-fu

The Squaring-futakes care of calculating energy (see section 7.2). To this end two numbers must be squared and

accumulated. There are two trigger-registers: sgr.mul and sgr.m_a. Thefirst register starts a square operation
while the second also adds its result to the previous result (square and accumulate). The furesponsible for this
operation is shown in figure 9.5, the design can be found in [KI1i96].

ltn’gger ltrigg&r Tnut

sqr.mul | sgr.m_a | sqgr.out

Square-FU

Figure 9.5: Interfacing with the Squaring-fu

Data-in fu

The data-in fuconverts the serial input bit-sequence to a command for the transmit fhfrequency synthesizer. The
frequency setting word (fsw) that is actually moved to the transmit ddsusing the dds. Tx register, isa
combination of both the fh-frequency and the mfsk-frequency that corresponds to the symbol to be transmitted.

The interfacing of the data-in fuis outlined in figure 9.6. The fucontains a buffer that collects the incoming
data-stream. On request, four bits are combined into a symbol representation that is put in the output-buffer.

\Trigger |Du’[

dat.req | dat.out

Data-in FU

N

input-data data
clock
Figure 9.6: Interfacing with the data-in fu
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Processor configuration

The complete processor configuration is shown in figure 9.7. In this figure the immediate-unit is included in the
instruction fetch unit.

When comparing this move-processor with figure 9.1 that showed an example of a transport triggered
architecture, a number of differences can be observed. These are due to the fixing of a number of properties.
We for instance selected a move-configuration with 2 busses as a compromise between area-usage and potential
parallelism. Another issueis that the processor is ™ fully connected": all fus are connected to all busses, this
eases instruction scheduling. The bus-width ischosen equal to 16 because this number of bitsis sufficient to
represent all occurring datain the wissce-transceiver. An extra socket provides away to output the recovered

data-signal (4-bitsin paralléel).
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Figure 9.7: wissce-move processor configuration
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Firmware design

An important property of an embedded system is the fact that it executes a single program over and over again.
This program is usually stored in akind of read only memory (rom) like an eprom and will be referred to as
“firmware". The previous chapter resulted in a split of the receiver-algorithm into a software and a hardware part.
Asaresult it is known what functionality isimplemented in the firmware.

For normal operation, a high-level firmware description is given in figure 9.8. The right hand side of thisfigure
represents the firmware whereas the left hand side shows the operations performed in hardware. The sequence of
operationsis from top to bottom.

Hardware activities

Software activities

readRes:

phaseshift:
cantral LTH

teset PMNgen:

resetac:

swapBuf:

tnove contents of cotrelation registers to buffers

set Hx pngen tonew codeword

reset correlation registers of DFT-FU

swap tracking-path buffer

prompt-path
correlation
in DFT-FU

tirne "start-symbol" is generated by PN-FU

read data from MFaK-channel -8 and
calcu late powet, savevalue and position

tead data from MFSK-channel -7 and
calcu late power, save highest and position

read data from MFSK-channel 8 and
calcu late power, save highest and position

determine MEsK-symbaol with highest energy
start tracking -correlation

tracking-path
correlation
in OFT-FU
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read tracking-data and calculate power
calculate tracking contral signal

write tracking control signal to PN-FU
wait for "start-syrmbol”

“start-symbol” is generated by PMN-FU

start again
Figure 9.8: Firmware operation during normal operation

The figure shows the execution loop of a single symbol-period. A new symbol-period isinitiated by the
“start-symbol " signal generated in the pn-code-fu. This signal is used by both hardware and software.

After the ““start-symbol" signal is generated, the tracking control signal isloaded from the socket into the local time
reference (Itr). Thisleadsto a code-phase step if required. At the same moment also the receive pn-codegenerator is
switched to the desired pn-codeand the contents of the tracking-buffer is swapped. The tracking buffer contains the
samples of the previous symbol despread with the early-late code-signal.

The operations described in the previous paragraph can mainly be executed in parallel and they should be finished
within a sample-period: There is no guard-time between the symbols to enable slowly processing of the data.

Directly after the 260 sample of symbol n, the first sample of symbol n+1 arrives.

After this, the dft-fuwill start a new correlation-stage. At the same time, correlation data from the previous symbol is
read to calculate the energy in al mfsk-channelsand their signs. During the calculation of the power-levels the
firmware keeps track of the highest level and its position. In this way no extra stage is required to select the highest.

After deciding upon the received symbol, the tracking correlation stage can start in the dft-fu. As an input the
tracking-symbols from the previous symbol and the twiddle-factor scorresponding to the detected symbol are used. In
the meantime the firmware executes an acquisition-test to check whether the system is still in synchronization. The

exact contents of this operation depends on the ~“acquisition state” at that moment (see figure 7.12 on page ).

If the system isin synchronization, new data can be written to the pn-code-fu: the next code-words for the transmit
and receive pn-code generator. Also new data can be moved to the dds-fu: new frequency setting words (fsws) for
both transmitter and receiver. After that, the firmware will go to an idle-state, waiting for the dft-fu to finish.

The next task isto read the correlation results from the dft-fu, and to calculate the power-level in the tracking-path.
Using this answer it is possible to calculate the tracking-control data and to write that number to the pn-code-fu.
When all operations are fulfilled, the processor goes to an idle-state and waits until anew "“start-symbol” signal is
generated.

If it turns out that the system is no longer in synchronization, operation will be different from next symbol on. An
acquisition search is started. During this search which is described in section 7.3.3, operation is different: the
tracking-path operations are not performed and the detected power-levels are used as decision variablesin the
acquisition process.
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Co-Simulation

A co-simulation tool for the move-processor

Co-simulation of hardware and software is the process of simulating the transport triggered architecture in its environment and running its
firmware. The goal isto verify whether the hardware and software can work together without failure.

In this sense the goal of performing a co-simulation is different from the system-simulations that were discussed earlier. In system-simulation the
target isto find out whether system-requirements are met: does the system meet the ber-requirements? does the synchronization have satisfactory
results? etc. etc. Co-simulation should posses the following features:

« A check to see whether the combination of software and hardware provides functionality that meets its constraints. As aresult, a
co-simulation tool should have the means to simulate hardware, software and its interaction.

« When the operation of the embedded-system is not yet as desired, co-simulation runs should provide the meansto perform user-friendly
debugging. The consequence is that it must be possible to change both hardware and software easily.

Simulating both hardware and software leads to the requirement that the simulator must be able to handle different levels of abstraction. For
instance, some parts of a processor are known to function correctly. For these parts simulations can be performed on a high level. The correctness
of other parts of the system may be uncertain. For those parts alow-level simulation is required.

For simulation of an embedded-system based on a move-architecture no appropriate standard tools existed. Consequently there was a need for a
simulation platform that enabled co-simulation and was also extensible, as the move-architecture had to be included.

ptolemy [BHLM94] provides asimulation environment that enables heterogeneous simulations while extensions are possible as the distribution
package includes well-documented source code. Beside these facts, ptolemy was known to support co-simulation-like applications [KL95]. These
were the reasons for choosing ptolemy as a platform to implement move-based co-simulations [Nie96].

Simulation level

It was already stated that a co-simulation tools should be able to handle different levels of simulation. In building a co-simulation tool it is
important to determine which part of an embedded system must be simulated at what level. Concerning this choice a number of requirements can
be given:
1. The simulation-speed is an important parameter. The faster the simulation runs, the easier it is for the designer to obtain feedback. A
simulation must be performed at alevel as high as possible.
2. “standard" processor blocks that appear in al reasonable processor configurations can be simulated at a high level.

3. The exact configuration of a processor (functional units that are used, number of busses etc.) is dependent on the application and can also
change during the design process. It is therefore important that this configuration can be changed in the simulator.

4. Application specific functionality should be simulated at alevel that the designer considers to be appropriate. At different stages of the
design process, a designer can have different opinions towards this simulation level.

5. It must also be possible to simulate the environment. In thisway it becomes possible to test the system in its proper context.
6. The simulator must have notion of time: it should count the processor cycles.

Several documents exist that give agood overview of ptolemy and its operation [BHLM 94, Dep96a, Dep]. For this reason we will not go into
detail here. However, two important properties are worth mentioning:

1. Hierarchy is supported. A simulation run is always performed on a universe. A universe can be built out of galaxies and stars. A star isa
““block" containing C++-code that describes its operation, while agalaxy can exist of other galaxies and/or stars.

To summarize: A universe takes the top in the hierarchy while a star is the lowest in the hierarchy.

2. Different models of computation can be combined to enable heterogeneous simulations. Models are referred to as domains, we will use the
synchronous data-flow (SDF) domain to perform rather high level simulations without notion of time, while the discrete-event (DE)
domain will be used to perform simulations with notion of time.

Depending on the desired level of simulation, blocks can be implemented in:

o DE-domain
To obtain low-level simulation results, with notion of time.
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Co-Simulation
o SDF-domain
To simulate at higher level where time does not play arole of importance.

« C++
High-level blocks can be written as starsin C++. Simulating such ablock isfast, on the cost of less flexibility.

Below we enlist the used simulation-levels and what simulation blocks are simulated on that level. A complete description of the implementation
of aco-simulation tool in ptolemy can be found in [Nie96].

Figure 9.9: ptolemy representation of the integer-unit as a galaxy

« DE-domain
Asthe complete simulation itself needs a notion of time, the universe containing the simulation model is built in the DE-domain. The same
consideration holds for the move-processor, this processor isimplemented as a DE-galaxy. Also the functional-units are modelled as
galaxies in the DE-domain. However within such a galaxy, stars or galaxies of an arbitrary domain can occur. An exampleis given in figure
9.9, this picture shows a galaxy implementing an integer functional-unit. The ““add" and ~“subtract" blocks are stars.

« SDF-domain
Some galaxies might be built in the SDF-domain. This domain can be used for fast prototyping asthereisalarge library of SDF-blocks
available.

o Implementation as Sars
Stars are written following special conventions which are based on the C++ programming language [Dep96b]. The advantage of starsis that

the simulation goes fast, an disadvantage however is that the flexibility is low as stars have to be compiled and statically or dynamically
linked into ptolemy. For these reasons, only ~“fixed" blocks are written as stars. Examples are the program counter (PC, see figure 9.11) and

the sockets (connections to the bus).

Co-simulation

Now we discussed the co-simulation concept, we can concentrate on the simulation of the wissce receiver itself. The universe representing the
“test-system™ isgiven in figure 9.10.
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Figure 9.10: wissce-model in ptolemy

At the left side the central clock islocated, thisisa41.6 MHz clock. This clock is divided by 2 in the upper-block to obtain the simulation
CPU-clock which is 20.8 MHz. The clock-signal is also divided by 8 to obtain the sample clocks, a delay-element takes care of a phase-shift
between the |-sample clock and the Q-sample clock.

The sample-clocks are inputs to a transmitter-block. This transmitter generates an |-sample at the moment a trigger appears on the I-clock input.
Analogously a Q-sampleis created at the moment a trigger appears on the Q-clock input. Two samplers located after the transmitter take care of
re-synchronizing the | and Q samples.

As the objective of a co-simulation tool isto check the cooperation of hardware and software, system-level issues like channel-properties are of no
concern during these co-simulation runs. This isthe reason that the transmitter block only implements the transmitter and not the channel.

After re-synchronization of the | and Q samples (for simulation purposes), despreading takes place. The upper-path is the *“prompt-path” while the
lower-path implements the " tracking-path" despreading. The code-sequences that are used in both paths are generated by the pn-code-fuin the
processor. The despread prompt 1/Q-samples are fed into the processor while the despread samplesin the tracking-path are stored in the
tracking-buffer. This buffer is controlled by the processor, if the processor is ready to perform the tracking-path processing atrigger signal is sent
to the buffer to start transmission of the tracking-samples into the processor.

An important control-signal generated by the processor is the * start-symbol" signal. This signal resets the prompt-path processing (located in the
processor but routed via an external line: Corr-Reset) and gives the command swapBuf to the tracking-buffer. Thissignal isaso availablein
software.

As data-outputs the processor generates the " detected-symbol" and the *~measured power-contents" during mfsk-detection. Those outputs are
visualized using standard ptolemy blocks.
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Figure 9.11: wissce-move processor in ptolemy

The contents of the move-processor isshowninfigure 9.11. At first sight the two vertical lines in the middle represent two busses. Thisis
however not true. Where busses are bidirectional, these lines represent the input and output of all busses. A parameter associated with this
bus-object specifies the bus-width.

The main block appearing in the processor is the instruction fetch unit, referred to as “"PC" (program counter). This star is responsible of reading
the firmware from afile and controlling the moves on the bus. The firmware is written in terms of these moves. Every line of code specifies source
and destination addresses for both busses. Also guard signals can be used. Jumps in the program can be implemented by moving an address to the
program counter.

From the figure we can also see that 3 application specific units are added: the pn-code-futhat generates the code-sequences, the mfsk-detector to
recover the transmitted data-message and the Square unit which is used to calculate powers.

Additional sockets are available for an extra fu(usr0) and an output-socket is provided to pass the detected data to the outside-world.
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Conclusions

In this section we described the way co-simulations are performed to eval uate the cooperation of hardware and software functionality. An
important issue in building a co-simulation tool was the abstraction level on which simulations should be performed. By choosing ptolemy asa

simulation platform it became possible to combine different levels of simulation to obtain both afast and flexible tool.

The co-simulator was built with the objective to be used in this particular move-architecture, therefore was tuned to this framework. As aresult the

simulator behaved as desired and was successfully applied in the design of wissce. To conclude this section an illustration of the simulator ““in
operation” is shown in figure 9.12
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Figure 9.12: Co-smulation in process
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Conclusions

On the basis of results gained from the previous chapters, this chapter addressed the design of the
processor environment and the firmware to implement the baseband processing required for wissce.

We showed how the mapping of the hardware/software partition results on an transport triggered
architecture can be done. For wissce, five application specific functional units are required. Asthe
cooperation of hardware and software is an important issue, we also illustrated how the synchronization
between the two partsis done.

After designing both the hardware and firmware, it isimportant to check whether the cooperation of the
two partsis as desired. Co-simulations were performed using the simulation and code-generation
framework ptolemy [BHL M 94] was extended to enable co-simulations with a move-processor.
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Conclusions

From the results presented in this thesis we conclude that systems like the digital baseband processing of
wissce can be efficiently implemented using an embedded design methodology. The available resources
were adequate and the transport triggered architecture provided enough flexibility to incorporate both
general purpose functionality and dedicated hardware. To show how this conclusion follows from the
thesis, we will stepwise go trough the design trgjectory.

To keep the design space manageable, design decisions have to be fixed at the appropriate design stage.
Decisions to be made at early design stages were the following:

« A multiple-access scheme forms the basis for the whole implementation. A specification of this
technique at an early stage is therefore required. We showed that by combining two of the more
common cdma techniques, the high processing gain of direct-sequence is retained while near-far

effects are effectively reduced due to frequency-hopping.

« After fixing the multiple-access scheme, this scheme should be properly embedded in a complete
system specification. During the system definition however, numerous trade-offs situations
presented itself. Market potential formulated as user demands and their relative importance were
used as a guidance to arrive at sensible compromises.

« Another important consideration early in the system specification are the available resourcesto
implement the system. The resources that were available to implement wissce's baseband
processing clearly show that a complete software solution is precluded. To meet hard timing
constraints, an embedded design methodology was therefore sel ected.

« The seamless cooperation of hardware and software implies a processor framework configurable in
both its general purpose capability and dedicated functionality. An excellent option in thissenseis
the transport triggered architecture.

After fixing the multiple-access scheme, the system specification and the implementation concept to
realize the digital processing of this system, the implementation stage can start. Thisis however far from
straightforward! Standard solutions namely, do not always match with the available resources.
“Intelligent algorithms" have to be found that combine simple implementations with acceptable |osses.
In this thesis this process was illustrated using two examples.

« A data-detection algorithm which mainly implements a simplified discrete fourier transform, is
shown to be a good compromise between implementation complexity and snr-loss.

« For code-synchronization a satisfactory synchronization performance can be obtained by applying
an algorithm with low complexity.

The adequateness of both algorithms was confirmed by applying system-level ssmulation. The
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““program™ used for these simulation runs was also used as an input to the hardware/software partitioning
stage: the design stage in which the functionality of a system is partitioned in a hardware and a software
part. During this partitioning stage we concluded the following:

« To search the enormous design space efficiently, a designer should be guided by an automatic tool
that provides profiles on samplesin the design space.

« Partitioning is based on cost-data of the various implementation alternatives. Finding precise
cost-data however appears to be impossible: at the moment HW/SW-partitioning takes place this
dataisjust not available. Providing guesses on this cost-data could easily lead to inefficient
designs or even results that are outside the specifications. This problem was avoided by applying
HSpart: aHW/SW partitioning tool able to cope with imprecise input-data.

Mapping the hardware functionality onto functional unitsin atransport triggered architecture is the next
step in the design process. For wissce, five application specific functional units have been designed.

Before realizing the actual hardware, a check is required to find whether the hardware and software parts
cooperate as desired. For this purpose ptolemy was extended to enable co-simulation of a transport

triggered architecture. Applying the tool for wissce's baseband processing showed that val uable feedback
can be obtained from co-simulation runs,

After obtaining satisfactory co-simulation results, the transport triggered architecture, including
application specific parts, can be realized. For wissce, the baseband processing has been allocated on the

target Sea-of-Gates chip. Software is put in an eprom next to the wissce-chip. Some hardware
functionality had to be implemented outside the processor framework as well.

The overall conclusion is that building the digital baseband processing of atransceiver for anon-cellular
short distance wireless communication system as an embedded system is possible on the available
resources without violating specifications.
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Pseudo-Random Noise Sequences

This appendix provides alist with code-sequences used in wissce together with a description of the
trandlation step necessary for obtaining these codes.

o Selected Code-set
o Implementing the relative delays
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Selected Code-set

As described in section 6.4, the code-set to be used is a subset of the large set of Kasami-codes with length 63. The

K
Kasami-code set used is orders in increasing order of R!-{ ) , See (6.37). The Kasami-codes are build of 3

M-sequences: the u-code: M(6,1), the v-code: M(6,5,2,1) and the w-code: M(3,2). The notation is as defined in (6.36).

There are 520 sequences in the large set of Kasami-codes. From these sequences there are 241 balanced, those are

K
ordered in increasing order of R}t ) inthetable A.1-A.1.

mdex | sequence R!.{K} index | sequence R}K} ndex | sequence R}K}

0| (6,28,7) | 40958 1] (6,17,6) | 41077 2| (6,15,4) | 41166

3 | (6,8,3) 41285 4 | (6,30,7) | 41293 5 | (6,26,1) | 412095

6 | (6,4,6) 41315 711(6,31,5) | 41379 8 | (6,39,6) | 41429

9| (6,3,5) 41472 10 | (6,27,7) | 41602 11 | (6,1,4) 41690
12 | (6,42,7) | 41873 13 | (6,58,7) | 41924 14 | (6,46,0) | 41940
15| (6,34,7) | 42059 16 | (6,260) | 42170 17 | (6,60,0) | 42208
18 | (6,41,5) | 43104 19 | (6,553,5) | 43807 20 | (6,53,3) | 43906
21| (6,21,1) | 44084 22 | (6,220) | 44197 23 1(6,51,3) | 44208
24 | (6,37,1) | 44265 25 | (6,18,5) | 44319 26 | (6,2,3) 44333
27 | (6,49,6) | 44335 28 | (6,56,6) | 44335 29 |1 (6,35,1) | 44341
30 | (6,44,1) | 44348 31 | (6,15,2) | 44500 32 | (6,14,1) | 44544
33 | (6,13,0) | 44555 34 | (6,52,2) | 44565 35 | (6,20,5) | 44688
36 | (6,16,3) | 44699 37 | (6,6,3) 44814 38 | (6,14,6) | 44847
39 | (6,62,0) | 44881 40 | (6,61,6) | 44917 41 |(6,32,5) | 44925
42 | (6,59,4) | 44953 43 | (6,57,0) | 44954 44 | (6,17,4) | 44977
45 | (6,62,3) | 45026 46 | (6,8,2) 45052 47 1 (6,50,0) | 45055
48 | (6,11,5) | 45062 49 | (6,51,1) | 45074 50 | (6,11,3) | 45077
531 | (6,38,4) | 45108 52 | (6,45,2) | 45129 33 | (6,3,2) 45131
34 | (6,0,6) 45147 55 | (6,23,3) | 45153 30 | (6,9,3) 45188
37 | (6,56,1) | 45189 38 | (6,49,1) | 45245 39 | (6,54,6) | 45260
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Table A.1: Selected Kasami-sequences

Selected Code-set

index | sequence R}K) index | sequence RJ.[K} index | sequence R}K)
60 | (6,25,5) | 45289 6l | (6,21,6) | 45296 62 | (6,29,0) | 45304
63 | (6,32,3) | 45358 64 | (6,40,4) | 45420 65 | (6,1,2) 45469
66 | (6,3,7) 46197 67 | (6,59,6) | 46739 68 | (6,21,2) | 46778
69 | (6,63,7) | 46840 70| (6,19,7) | 46851 71| (6,53,0) | 46877
72 | (6,37,5) | 46888 73] (6,12,0) | 46916 74 | (6,0,2) 47012
75 | (6,54,1) | 47039 76 | (640) 47124 77| (6,23,4) | 47163
78 | (6,60,7) | 47165 79 1 (6,21,7) | 47169 80 | (6,54,7) | 47191
81 | (6,6,2) 47193 82 | (694) 47236 83 | (6,48,2) | 47248
81 | (6,3,6) 47251 85 | (647,1) | 47261 86 | (6,2,5) 47267
87 | (6,14,7) | 47310 88 | (60,7) 47310 89 | (6,61,7) | 47318
90 | (6,10,7) | 47337 91 | (644,4) | 47366 92 | (6,36,3) | 47377
93 | (6,24,6) | 47389 94 | (6,28,2) | 47394 95 | (6,31,6) | 47407
96 | (6,46,7) | 47412 97 | (643,3) | 47415 98 | (6,30,4) | 47458
99 | (647,0) | 47473 100 | (6,55,2) | 47476 101 | (6,62,2) | 47482

102 | (6,48,1) | 47483 103 | (6,19,1) | 47485 104 | (6,58,5) | 47486
105 | (6,18,6) | 47489 106 | (645,6) | 47496 107 | (6,40,0) | 47498
108 | (6,33,0) | 47512 109 | (6,29,7) | 47518 110 | (6,50) 47520
111 | (6,35,2) | 47521 112 | (6,57,7) | 47522 113 | (6,32,7) | 47530
114 | (6,33,1) | 47541 115 | (6,27,2) | 47580 116 | (6,38,6) | 47592
117 | (6,50,4) | 47600 118 | (6,56,3) | 47606 119 | (6,50,7) | 47631

1
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Selected Code-set

index | sequence R}K) index | sequence R}K} index | sequence R}K)
120 | (6,42,3) | 47651 121 | (6,6,7) 47686 122 | (6,47,7) | 47702
123 | (6,20,1) | 47719 124 | (6,374) | 47741 125 | (6,5,7) 47767
126 | (6,14,3) | 47824 127 | (6,12,1) | 47835 128 | (6,21,3) | 47842
129 | (6,31,7) | 47874 130 | (6,5,1) 47950 131 | (6,53,7) | 47970
132 | (6,29,3) | 47975 133 | (6,23,5) | 48014 134 | (6,34,1) | 48019
135 | (6,16,4) | 48025 136 | (6,50,3) | 48030 137 | (6,13,2) | 48051
138 | (6,54,0) | 48064 139 | (6,2,4) 48095 140 | (6,10,6) | 48109
141 | (6,13,7) | 48113 142 | (6,2,7) 48126 143 | (6,12,7) | 48137
144 | (6,40,1) | 48142 145 | (6,40,7) | 48163 146 | (6,51,4) | 48169
147 | (6,55,7) | 48175 148 | (6,190) | 48201 149 | (6,39,0) | 48237
150 | (6,56,7) | 48249 151 | (6,30,5) | 48255 152 | (6,51,7) | 48275
153 | (6,22,4) | 48277 154 | (6,42,2) | 48286 155 | (6,10,5) | 48292
156 | (6,36,7) | 48303 157 | (6,49,7) | 48307 158 | (6,15,3) | 48315
159 | (6,57,3) | 48315 160 | (6,11,6) | 48320 161 | (6,49,2) | 48353
162 | (6,35,3) | 48361 163 | (6,38,7) | 48370 164 | (6,17,7) | 48384
165 | (6,18,7) | 48409 166 | (6,64,2) | 48434 167 | (6,37,7) | 48473
168 | (6,32,6) | 48500 169 | (6,41,7) | 48507 170 | (6,58,4) | 48549
171 | (6,24,7) | 48582 172 | (6,22,7) | 48685 173 ] (6,0,3) 48686
174 | (6,64,7) | 48776 175 | (6,430) | 49674 176 | (6,29,2) | 49730
177 | (6,19,4) | 49806 178 | (6,314) | 49833 179 | (6,5,6) 49851

Table A.3: Selected Kasami-sequences (continued
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Selected Code-set

index | sequence R!.{K) index | sequence RJ.[K:' index | sequence R!.{K)
180 | (6,23,1) | 50054 181 | (69,1) 50221 182 | (6,64,6) | 50342
183 | (6,18,3) | 50441 184 | (6,26,6) | 50490 185 | (6,57,2) | 50500
186 | (6,48,5) | 50515 187 | (6,0,1) 50517 188 | (6,54,4) | 50517
189 | (6,42,6) | 50611 190 | (6,55,0) | 50629 191 | (6,28,1) | 50639
192 | (6,53,5) | 50674 193 | (6,60,3) | 50682 194 | (6,1,0) 30706
195 | (6,8,0) 50741 196 | (6,13,5) | 50746 197 | (6,24,4) | 50751
198 | (6,4,5) 50779 199 | (6,36,0) | 50805 200 | (6,10,4) | 50810
201 | (6,60,5) | 50874 202 | (6,6,0) 50879 | 203 | (6,64,1) | 50917
204 | (6,59,2) | 50980 205 | (6,54) 50984 | 206 | (6,11,0) | 51012
207 | (6,22,2) | 51095 208 | (6454) | 51101 209 | (6,15,0) | 51104
210 | (6,46,5) | 51122 211 | (6,39,3) | 51158 212 | (6,35,6) | 51218
213 | (6,25,3) | 51317 214 | (6,28,6) | 51346 || 215 | (6,33,6) | 51347
216 | (6,27,5) | 51396 217 | (6,38,1) | 51399 | 218 | (6,30,3) | 51401
219 | (6,38,2) | 51426 220 | (6,39,5) | 51448 | 221 | (6,34) 51491
222 | (6,42,1) | 51509 223 | (644,3) | 51624 || 224 | (6,62,7) | 52189
225 | (6,52,7) | 52889 226 | (6,44,7) | 53365 227 | (6,14,2) | 53376
228 | (6,35,7) | 53381 220 | (69,5) 53385 230 | (6,6,1) 53578
231 | (6,20,2) | 53713 232 | (6,62,1) | 53714 || 233 | (6,38,5) | 53834
234 | (6,36,4) | 53850 235 | (641,2) | 53900 || 236 | (6,46,6) | 53991
237 | (6,1,7) 54028 238 | (6,84) 54073 || 239 | (6.4,7) 54224
240 | (6,56,2) | 54385

Table A.4: Selected Kasami-sequences (continued
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Implementing the relative delays

In this section we will provide atranglation table which can be used to convert arelative delay of the v or
W sequence to a tap-selection word. The theory behind this translation was described in section 6.4.1.3,

and illustrated in figure 6.7.

M(6,5,2,1)-sequence

In the tables A.5 and A.6 is shown how relative delays in the v-code can be obtained. All shiftsare
relative to the all-ones state. A 1" indicates that the tap-output is used, a 0" indicates the opposite.

shift | tap: 53 4 3 2 1 O shift ([tap:5 4 3 2 1 0
0 0 0 0 0 0 1 1 0O 0 0 0 1 0O
2 0 0 01 0 0 3 0O 0 1 0 0 0O
4 0 1 0 0 0 0 5 1 0 0 0 0 0
6 1 1 0 0 1 1 7 0 1 0 1 0 1
8 1 01 0 1 0 Q 1 0 0 1 1 1

10 1 1 1 1 0 1 11 0 0 1 0 0 1
12 0 1 0 0 1 0 13 1 0 01 0 0
14 1 1 1 0 1 1 15 0 0 0 1 0 1
16 0 0 1 0 1 0 17 0 1 0 1 0 0
18 1 01 0 0 0 19 1 0 0 0 1 1
20 1 1 01 0 1 21 0 1 1 0 0 1
22 1 1 0 0 1 0O 23 0 1 0 1 1 1
24 1 01 1 1 0 25 1 0 1 1 1 1
20 1 01 1 0 1 27 1 01 0 0 1
28 1 00 0 0 1 29 1 1 0 0 0 1
20 0 1 0 0 0 1 31 1 0 0 0 1 0

Table A.5: Tap-selection of u-sequence M(6,5,2,1)
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Implementing the relative delays

shift | tap: 5 4 3 2 1 O | shift (tap:5 4 3 2 1 0
32 1 1 0 1 1 1 33 0 1 1 1 0 1
34 1 1 1 0 1 0O 35 0O 0 0 1 1 1
26 0 0 1 1 1 0 37 0 1 1 1 0O 0
38 1 1 1 0 0 0 39 0 0 0 0 1 1
40 0 0 01 1 0 41 0 0 1 1 0O 0
42 0 1 1 0 0 0 43 1 1 0 0 0 0
44 0 1 0 0 1 1 45 1 0 0 1 1 0
46 1 1 1 1 1 1 47 0 0 1 1 0 1
48 0 1 1 0 1 0 49 1 1 0 1 0 0
50 0 1 1 0 1 1 51 1 1 01 1 0
52 0 1 1 1 1 1 53 1 1 1 1 1 0
34 0 0 1 1 1 1 35 0 1 1 1 1 0
36 1 1 1 1 0 0 37 0 0 1 0 1 1
58 0 1 0 1 1 0 59 1 0 1 1 0 0
60 1 01 0 1 1 6l 1 0 0 1 0 1
62 1 1 1 0 0 1

Table A.6: Tap-selection of u-sequence M(6,5,2,1) (continued)

M(3,2)-sequence

Table A.2.2 shows how relative delays in the w-code can be obtained. The length of the codeis 7, while
the number of shiftregisters (and so the number of available taps) is equal to 3.

shift [ tap: 2 1 0
0

| | | D B |
| | | ] | B

L TN I B I - B O
pt |t [N e [ BTN RN e
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Table A.7: Tap-selection of w-sequence M(3,2)

© Jack P.F. Glas
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