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ABSTRACT

A Wave Pipeline-Based WCDMA Multipath Searcher
for a High Speed Operation

Pierre-Andre Laporte

The multiplexing technique of the Wideband-Code Division Multiple Access |
(WCDMA) is widely applied in the third generation (3G) of cellular systems. The
WCDMA uses scrambling codes to differentiate the mobile terminals. In a channel,
multipaths may occur when the transmitted signal is reflected from objects in the
receiver’s environment, so that multiple copies of the signal arrive at the antenna at
different moments. Thus, a wideband signal may suffer frequency selective fading due to
the multipath propagations. A Rake receiver is often used to corﬁbine the energies
received on different paths, and a multipath searcher is needed to identify the multipath
components and their associated delays. Correlating some shifted versions of the
scrambling code with an incoming signal results in energy peaks at the multipath
locations, when the locally generated scrambling sequence is aligned with the scrambling
sequence of the incoming signal. A path acquisition in such a process requires a speed of
millions of Multiply-Accumulate (MAC) cycles per second. The performances of the
multipath searcher are mainly determined by the resolution and the acquisition time,

which are often limited by the operation speed of the hardware resources.

This thesis presents the design of a multipath searcher with a high resolution and a
short acquisition time. The design consists of two aspects. The first aspect is of the
searching algorithm. It is based on a double-dwell algorithm and a verification stage is
introduced to lower the rate of false alarms. The second aspect in the design is the circuit
of the searcher. This circuit is expected to operate at the chip rate of 3.84 MHz and the
search period is chosen to be equal to the time interval of 5 slots, which requires a high

operation speed of the computation units employed in the circuit. Moreover, in order to

it



reduce the circuit complexity, only one Complex Multiplier-Accumulator (CMAC),
‘instead of several ones in many existing searcher circuits, is employed to perform all the
computation tasks without extending the search period, which make the computation ti;ne
in the circuit more critical. Aiming at this challenge of the high speed requirement, a
structure of the CMAC cell is designed with the technique of the wave pipeline, which
permits the signal propagation through the circuit stages without constraints of clocks. For
a good use of this technique, the circuit blocks are made to have equalized delay, by
means of pass transistor logic cells, and by keeping such a delay short, the total
computation time of the CMAC can be made within the required time limit of the

searching.

A complete circuit of the CMAC has been developed. It has two versions, with the
Normal Process Complementary Pass Logic (NPCPL) and the Complementary Pass-
Logic Transmission-Gates (CPL-TG), respectively. The structures of the arithmetic units
have been chosen carefully so that the fan-in/fan-out constraints of the NPCPL and the
CPL-TG logics are taken into consideration. The results of the simulation with a 0.18 pm
models have shown that this wave pipelined CMAC can process four inputs of 8 bits at a
rate of 830 Mb/s. In order to evaluate the effectiveness of the searching algorithm, a
Matlab simulation of the searcher circuit has been conducted. It has been observed that
the proposed multipath searcher can lead to low probabilities of misdetection and false
alarm for the test cases recommended by the 3" Generation Partnership Project (3GPP)
standard. A test chip of the CMAC circuit has been fabricated in a CMOS 0.18 pm

technology process. The circuit is currently under test.

v
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1 Introduction

Wideband Code Division Multiple Access (WCDMA) is a core technology of the
third generation (3G) of cellular networks. In a CDMA system, every mobile station
(referred to as a wuser in communication literature) is transmitting/receiving data at all
time and its signal is spread over the entire bandwidth. Figure 1.1 highlights the
differences between the various multiplexing techniques used in the different cellular
generations. In the figure, the time and frequency resources allocated to one user are
represented by a color stripe. The CDMA allows for a more efficient utilization of the
spectrum in comparison with the Frequency Division Multiple Access (FDMA) used in
the first generation and the Time Division Multiple Access (TDMA) used in the second
generation of cellular systems. Moreover, it has a capacity of supporting some high-speed
data transmissions such as video, e-mail and web browsing. The third generation systems
are standardized by the 3™ Generation Partnership Project (3GPP) in an effort to develop

a globally applicable communication protocol.

s
| frequency

frequency

FDMA tme " tpma "™ cDmA

Figure 1.1 ~ Multiplexing techniques used in the different cellular

generations.



The differentiation between users in a CDMA system is done by coding the data
with pseudo-noise (PN) sequences specific to one user. The PN sequences, also called
signatures or scrambling codes, have low cross-correlation and auto-correlation

properties to improve the resistance against interferences [1].

In the channel, the wideband signal experiences multipath propagations due to
reflections of the signal on different obstacles as shown in Figure 1.2. A multipath
propagation with N, paths can be represented by the time-varying impulse response

h(t,7) deﬁned as,

ht,7) =Y @ (NS —7,(1)) (L1)
1=1

where a,(?) represents the time varying complex number attenuation, i.e. the fading
coefficient, and 7,(¢) is the time varying delay of the 1" path. Multipath propagations can
lead to interferences because different replicas of the same signal may be added
destructively at the receiver. However, in a CDMA system, the performances are
improved by combining the energies received on different paths by means of a Rake
receiver [2]. The general scheme of a Rake is illustrated in Figure 1.3. In this type of
receiver, some fingers consisting of correlators are used to detect the signal received on
different paths. Thereafter, the contributions of the different fingers are combined using

a weighted summation with respect to the fading coefficients.

Fath 3

y : n
i
Base Habin ot
»
) v
135 E
ie

T Bddings

Figure 1.2  Multipath occurrences.



In general, one Rake finger is assigned to every path. Channel estimation is the
operation of identifying the delays of the multipath components as well as their fading
coefficients in the channel. It is a critical issue that cannot be overlooked because it has a
great influence on the performance of the receiver. This estimation is usually composed
of two steps. In the first step, the multipath searcher identifies the potential paths and
their associated delays. Once the searcher has found the delays of the paths, it initializes
the offsets of the scrambling code generators in the Rake as shown in figure 1.3 to time-
align the locally generated PN sequences with each identified path. In the second step, the

channel estimator evaluates the complex attenuations of the selected paths.

Some very accurate delay estimates are required to guaranty the Quality of
Service (QoS) at the reception. Missing potential paths or assigning incorrect paths to the
Rake fingers will result in an increase of the interference level after combining the Rake
fingers. Moreover, any path misalignment can introduce a lot of noise due to the low
auto-correlation property of the scrambling codes. The consequences of wrong path
detection can be in many aspects, such as information loss and the need for

retransmission, higher transmission power requirements and decreased system capacity.

\/

A

Analog ADC
front-end

Antenna

Multipath searcher Channel Estimator

Figure 1.3  Schematic of a Rake receiver [2].



The function of multipath searcher is done by correlating some shifted versions of
the scrambling code with the incoming signal, which results in energy peaks at the
multipath locations, i.e. when the locally generated PN sequence is aligned with the PN
sequence of the ihcoming signal. The basic operations are in fact the multiplication and
the addition, performed in most cases by Multiply-Accumulate (MAC) cells. The speed
of the MAC cells employed in a path searcher is one of the critical element in the

performance metric of the system.

1.1  Objectives and Motivations

A high performance multipath searcher is needed in 3G mobile receivers for the
following reasons: (i) the performance of the Rake receiver highly depends on the quality
of the channel estimation and (ii) the path searcher is the first block of the channel

estimation chain, influencing all of its aspects.

Basically, the performance metrics of a multipath searcher can be summarized as

follows:

1) The time resolution of the searcher must be small to ensure a good alivgnment

of the Rake fingers with each multipath component.

2) The acquisition time must be short so that the delay profile can be updated
- quickly for good performances, even over fast fading channels, i.e. when the

mobile terminal is moving fast.

3) Maximize the probability of detection of a valid multipath (Pp) and minimize

the probability of declaring a valid multipath where none exist, i.e. false alarm

(Pra)-

4) Offer good system performance and low hardware complexity.



The performances of the multipath searcher are mainly determined by the
resolution and the acquisition time, which are often limited by the operation speed of the
hardware resources. This thesis aims at providing a multipath searcher with a high
resolution and a short acquisition time. The implementation of the multipath searcher
presented in this thesis can result in increased speed requirements compared to
conventional implementations [3]-[4]. In order to keep the hardware architecture simple,

an implementation based on high-speed processing is proposed.

The target of this work is to develop a high-speed CMAC that performs the
computations of the multipath searcher. For decades, pipelining has been used in the
industry to improve the throughput of digital circuits. However, the synchronous pipeline
technique (referred to as conventional pipeline in this work) has some drawbacks, such as
the propagation delays of the clock, ie. clock skew, and the increased power

consumption caused by the clock tree and its associated registers.

In this project, pipelining is needed to optimize the speed of the arithmetic units.
In a wave pipeline circuit, many different inputs, also called waves, are processed
simultaneously in the Combinational Logic Block (CLB) without interfering with each
other. In other words, subsequent inputs can be introduced into the circuit at time
intervals that are shorter than the propagation delay of the circuit [5]. This is achieved by
equalizing the path delays in the circuit. The wave pipeline method allows for
synchronizing digital circuits without introducing a complex clock distribution tree.
Therefore, the area and power consumption are improved in comparison with the

conventional pipeline method.

To achieve the main objective of improving the performance of the multipath
searcher without increasing the hardware complexity, the work of this thesis aims at the
following measures: }

1) The hardware implementation of the multipath searcher based on high-

speed processing to improve the resolution and the acquisition time,



2) The modification of a multipath searcher algorithm in order to minimize
the false alarm rate,

3) The design of a high-speed CMAC using the wave pipeline method,

4) The investigation of low-level issues related to the design of standard cells

and their impact on the performances of wave pipelined circuits.

1.2 Scope and Organization of the Thesis

This work deals with differeht aspects of the structure in CDMA systems. Firstly,
different algorithms of path searcher need to be investigated. An effective method should
be developped to have better detections with a low acquisition time and a high resolution.
In the aspects of the circuit design, the work of this thesis is related to different levels. It
is important to determine the architecture of the computation circuit. Pipeline structures
are considered. Moreover, aiming at a high speed operation, the work has also an

emphasis on the cell-level design, including that of physical structure in silicon.

The thesis is organized as follow. In Chapter 2, some background about the
functionality of multipath searchers and some of the widely used schemes for their design
and implementation are presehted. Then, existing approaches for the design of wave

pipeline circuits will be described along with a discussion on their advantages and
drawbacks.

Chapter 3 will give details about the design steps for different levels of
abstraction. In a first step, the multipath searcher algorithm will be presented and its
speed requirements will be determined. Then, the design of a high speed CMAC using
the wave pipeline method will be described. The choice of the logic family for wave
pipelining will be justified and the architectures of the adder, multiplier and CMAC will
be chosen to comply with the precision requirements of the system model while meeting

the fan-in/fan-out constraints of the standard cells.



Chapter 4 will present the performance evaluation of the different levels of
abstraction. The developed logic gates will be compared in terms of their delay profile
and power consumption. Then, the wave pipelined CMAC will be compared with
existing designs in term of the functionality, area, frequency, supply voltage and
implementation technology. In a last step, the performances of the proposed multipath
searcher will be analyzed against existing implementations in terms of hardware cost and

accuracy.

Finally, Chapter 5 will conclude this work by summarizing the design approaches
and the performance evaluation. Some suggestions for future investigations will also be

proposed.



2 Background

In this chapter, the mathematical model of the ‘CDMA system will be first
introduced along with a presentation of the existing work on the multipath searcher.
Then, existing hardware implementations of high performance arithmetic units will be
reviewed. Finally, some background material about the wave pipeline technique will be

presented.

2.1 System Model

The Third Generation Partnership Project is widely accepted as a standard for the
third generation of cellular systems and it uses WCDMA as a multiplexing technique. As
opposed to other multiple access methods such as frequency division multiplex or time
division multiplex, the differentiation between users in a WCDMA system is done by

means of scrambling codes.

2.1.1 WCDMA Downlink Transmission Model

In WCDMA systems, the scrambling operation is achieved by multiplying the
binary data with a PN sequence of a faster rate. The user’s binary data must be over-
sampled N, times in order to match the rate of the PN sequence and the new sampling
period corresponds to the fraction of a symbol, i.e. binary data, commonly called a chip
[6]. The over-sampling factor N., known as the spreading factor, can take any value as

specified by the equation
N, =2"i=2,3,..,9. 2.1)

The variable length of the spreading factor allows for many data rates due to the
variety of the services offered (voice, video, Internet access, etc) in the third generation

of cellular systems. High speed transmissions such as video are assigned a short code



length (eg. N, = 4), while low bit-rate communications such as voice or text messaging

have a larger spreading factor.

The downlink scrambling codes of the 3™ generation are made from Gold
sequences of a cyclic period M = 38 400 chips, i.e. the outputs of some shift registers are
combined with XOR gates and feedback loops to create some PN sequences as illustrated
in Figure 2.1. These sequences have low auto-correlation and cross-correlation properties
to facilitate the data extraction of one particular user. As shown in the figure, the PN
sequences have some in-phase and quadrature-phase (I-Q) components because of the
quadrature phase shift keying (QPSK) modulation. The role of the multipath searcher is to

provide the initial states (offsets) of these generators on the receiver side.
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1 @
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Figure 2.1  Downlink scrambling code generator [6]. Every shift
register is represented by a numbered square. The data
flow of the shift registers is from 0 to 17. The XOR gates
are represented by summation signs.

Consider a forward link from a base station to X mobile stations. Figure 2.2

illustrates the scrambling process of the data of the k" user. In the figure, swlnle S
(8@[n] is a symbol in the alphabet § = {il/ 2+ J / \/5} because of QPSK modulation) is

the #n™ symbol, d(k) (¢,n)is the spreading waveform of the #™ symbol and x(2) is the time

varying baseband transmission (stream) of the K™ user.



Mathematically, the spreading waveform d, (t,n) and the baseband signal x(#) of the k™

user can be expressed as:

N -1

tn=Zc [4,n)@(t—1T.), (2.2)
=0
X (t)= _Z St [n]d(k) (t—nT,n), 2.3)
1 .
where T is the chip interval (7, = ——————— =260 nsec); T represents the symbol
c P Te = S 3amme o T rep ym

interval; ) [Z,n] is the £™ element of the spreading sequence for the n™ symbol of the

K™ user; and @(¢) is the chip waveform of unit energy, also called pulse shaping. Pulse

shaping consists in modifying the waveform of the transmitted pulses from a rectangular
shape to a sin(x)/x shape by means of a raised-cosine filter [8]. By doing so, the
bandwidth of the transmitted signal is reduced and the inter-symbol interferences caused

by the channel are minimized.

1

Oversampling N, times

\ I,
Sl )f g X(t)

Symbol rate: UT Chip rate = 1/7,

:(ch-lT-j =3.84 MHz

Chip rate = 1/7¢

dy(t.n)

Figure 2.2  Scrambling operation.

Figure 2.3 (a) shows how the baseband streams x(?) of the K users are orthogonally
multiplexed in the downlink transmission. The different gains, illustrated as Gis in the
figure, are used for power control. For a channel estimation purpose, a Common Pilot
Channel (CPICH) is transmitted with higher power than the traffic channels, i.e. the users.
The principle of the CPICH is to send a stream of data known by the receiver, such as a

10



stream of 1’s, so that the convolution between the channel’s impulse response and the

pilot signal can be easily resolved. Figure 2.3 (b) illustrates the baseband frame structure

of the different streams x(?) as well as p(?). In the figure, it is observed that 1 frame

corresponds to a 10 msec transmission and it is composed of 15 slots of 2 560 chips [7].

s X4(1)

X,(1) ‘®_’
Traffic channels ——— <

G,
....... | ”
Xlt) —-@—» Z —
N G,
CPICH . p(t) -(§?—»
G,
G>G,, k=1,2,... K
(a)
2 560 chips
Slot4 | ... Slot 14

Slot 0 Slot 1 Slot 2 Slot 3

v

A

1 frame (10 msec)

(b)

Figure 2.3 a) Downlink multiplexing [6], b) Baseband frame structure [7].
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The pilot transmission p(?) can be written as

oo

p®)=" s[nld(t—nT,n), (2.4)

f=—c0

where E[n] is the pilot symbol; and d (t,n) the spreading waveform of the nt pilot

transmission. For simplicity, the pilot symbol are assumed to be fixed, i.c., 5[n]=75, and
_ N, -1

the spreading waveform is d (t,n)= Y ¢[¢,n]@(t—¢T,) , where ¢[¢,n] is the spreading
£=0

sequence for the #n™ pilot transmission. In WCDMA downlink transmissions, the spreading

factor N, of the CPICH is of 256 chips [7].

Therefore, the transmitted signal y(z) can be represented by the following equation

¥(O)=G,p()+) . Gx, (1) (2.5)

In the channel, the transmitted signal y(z) undergoes a multipath fading channel with N,
paths defined by the time varying impulse response /(,7) defined as,

NP
h(t, )=, 0, (08t ~7,(1)) (2.6)

where o,(?) represents the time varying complex number attenuation and 7,(¢) is the time

lt h

varying temporal delay of the /™ path. In general, a,?) can be considered as a random

variable. For Rayleigh fading channels o;(2) is a complex Gaussian random variable.

The rate at which the channel’s coefficients vary in time, i.e. fade, can be

expressed by the Doppler frequency 1z,
fy=vxty e

12



where v is the speed of the mobile terminal, f. is the carrier frequency and c is the speed of
light. As highlighted in (2.7), the Doppler frequency is directly proportional to the speed
of the terminal. In general, we observe a sliding channel where the exact values of the
delays, phases and amplitudes change approximately at the Doppler frequency over time.
Note that we can also observe some birth and death conditions where the energy of the
signal suddenly disappears at some delays and reappears at other delays with a totally

different complex attenuation.

The signal vector received at the mobile terminal r(2) results from the convolution

between the transmitted signal y(z) and the channel impulse response A(?,7),

()= e (OO - 7,(0) +n(2), 2.8)

where n(?) is the complex valued Additive White Gaussian Noise (AWGN) of mean zero

and variance ¢°. The noise energy E, can be written as a function of time for all instant d.

E,[n(t)n (1) |=0°8(t-d). (2.9)

Let r[n] denote the sample vector sequence of r(z) from analog-to-digital

converters following a matched filter for the chip waveform (). The sampled matched

filter output can be written as r[£] = Er(t -7)p(7)dr

t=(T,

2.1.2 Multipath Searcher

Basically, the role of the multipath searcher is to identify the temporal delay , of

all the paths. Correlating some shifted versions of the sampled pilot scrambling code

expressed by the matrix €[n]of size WxN’, where W represents the correlation window

size, N’ represents the length of the correlation, ¢ € [0 N ~1] and L is the starting point

of the correlation window,
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5[n)e[L;n) F[n]2[g:n] o 5[n
c[n]= s[nle[L+Ln] - 5[n]c[g+1;n] En]E[L+N';n}

slnle[L+W -Ln] - S[n]e[L+q+W—Ln] - S[n)c[L+W+N ~2;n]

with the incoming sampled sequence vector r[n]:[r[n+0] o r[n+q] - r[n+N'—1:HT
results in energy peaks at the multipath location. In case where ¢> M (M =38 400 chips;
the cyclic period of the scrambling code sequence) in the term ¢[/,n], the index £ is

wrapped-around by means of modulo function with respect to M.

In WCDMA systems, the analog-to-digital converter samples the signal at a
frequency F corresponding to x samples per chip. In high performance receivers, x = 4,
i.e. Fy = 15.36 MHz, so that the multipath components can be resolved within a quarter of
a chip duration. Therefore, the N’>y matrix of the incoming sampled sequence r[n] is

written as

r[a+0] - rln+q* x] rl:n+(N'—1)*Z:|

r[)=| rlnty]l o rlntyrgra]l o rlaryrN-Drr] |

[rln+@=D] = rln+@-D+g*z] - r[at(-D+(N -D*x]

where ¥ € [0; y—1]. The matrix product between sampled sequence r{n] and the -

sampled pilot scrambling code €[n] is expressed as

R[n] =r[nJe[n], (2.10)
where the W xy observation matrix R'[#] results from the summation of the ¢orrelation

matrix R[n]and the interference plus noise matrix ]

R'[n] = R[n]+i[n]. @11
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R[] is expressed as follow

R[n+0] ...  Rn+y] . RIn+(x-1)]

R[n]=| R[n+q]l ... R[n+g+7] ..  Rn+g+(x-D]

| R[n+(@-=D] ... R[n+W-D+y] ... R'[n+(W—1)+(x-1)]_

Since the signal has been converted to a digital baseband, the correlation is
usually performed by means of a Complex Multiplier-Accumulator (CMAC) in digital
hardware. However, the CMAC only produces the in-phase and quadrature-phase (I-Q)
components of the signal. The signal energy is equal to the square of the amplitude and
the I-Q components must be squared and summed (see Figure 2.4) in order to have the

energy estimates.

iQ

Figure 2.4  Amplitude of a phasor.

Let E[n] be the Wxy matrix of energies that results from squaring and summing

the I-Q components of each correlation value in the observation matrix R[#]
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E[n+0] ... Eln+7y] Eln+(y-1]

E[n]= Eln+gq] Eln+q+y] .. E[n+qg+(y-1]

Eln+(W-D)] ... Eln+(W -D+y] ... Eln+ (W -)+(g-1)]]

The finger management algorithm consists in some control logic responsible for

identifying the paths with the greatest energies in the matrix E[n]. Once the multipath
components have been identified, their estimated delays 7, can be expressed in seconds

by means of the equation

. Y
Ty =47, +—i/—’lT. (2.12)

Figure 2.5 summarizes the different steps for delay acquisition. In the figure, W
CMACs operate in parallel to compute the yth column of the matrix R'[r]. Then, the I-Q

components of the correlation results are squared and summed (represented by . in the

figure), and the energy values are stored in the matrix E[n] by the finger management
algorithm. This procedure must be repeated y times to fill all the columns of the matrix
E[n] and at every time, the starting point y of the vector r[n+y]is increased by one

sample.

To compensate for some noise, interferences and sudden variations of the channel

represented by the matrix i[n] in (2.11), the correlation window is applied at many

different points in time and the energy values are averaged before the strongest paths are

identified. This strategy results in more accurate delay estimates.
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Figure 2.5  Schematic of the coarse acquisition.

The procedure that we have defined in this section is referred to as coarse
acquisition and it is the focus of this thesis. In actual receivers, the delay estimates from
the coarse acquisition are not accurate enough for data detection because they have been
averaged oVer many correlation windows. Therefore, a second step called delay tracking is
performed in order to have some more accurate delay estimates before they are assigned to

the Rake fingers. Note that delay tracking will not be discussed any further in this work.

2.1.3 Existing Coarse Acquisition Algorithms
The coarse acquisition phase of the multipath searcher has received a lot of
attention in recent years ([4], [9] — [20]). This task must optimize the following

parameters:
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1) The time resolution of the searcher must be small to ensure a good alignment

of the Rake fingers with each multipath component.

2) The Mean Acquisition Time (MAT) must be short so that the delay profile can
be updated quickly for good performances, even over fast fading channels

(high Doppler frequency).

3) Maximize the probability of detection of a valid multipath (PD)‘ and minimize

the probability of misdetection (Ppss = 1 - Pp).

4) Minimize the probability of declaring a valid multipath where none exist, i.e.

false alarm (Py,).
5) Offer good system performance and low hardware complexity.

It has been shown that path acquisition is a hypothesis testing problem in [8]. The
total number of offsets (or uncertainties) that the receiver needs to test depends on the
temporal uncertainty range of phase delay (A7) and the resolution of the process (Zes)-
The expression for the number of uncertainties to test N, is given by

None= AT/ Tos (2.13)

- For WCDMA systems, the uncertainty area AT is of approximately +20 psec; the
largest delay that can be considered as a path in the 3GPP standard [44]. Considering an
oversampling factor y = 4, the resolution is of ¥ of a chip and 7T,., = T./4 (= 65 nsec).
Therefore, the number of uncertainties N, to be tested is in the range of a few hundreds.

It is important to mention that the term N, is also equal to W X y.
In the literature, several search methbds for testing the N, uncertainties are presented:

- The parallel search is treated in [9]-[11],
- The serial search is covered by [12}-[17],
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- The hybrid search method is presented in [4] and [18].

In the parallel search, each possible offset N, is assigned a correlator. The
acquisition time of a completely parallel search method is the shortest; the matrix product

r[n]c[n] is computed in N’ clock cycles. For a WCDMA receiver with an over-sampling

factor ¢ = 4, the number of uncertainties N, is approximately of 615 (2.13). Therefore, a
complex hardware architecture comprising 615 CMACs would be required to implement
a parallel search. From a practical point of view, the MAT of a completely parallel

structure is much shorter than what is needed.

In the serial search, a single correlator scans all possible uncertainties resulting in
a reduced hardware complexity. However, this strategy has a longer acquisition time
compared to the parallel method. The matrix product r[n]¢[n] is completed in N* X Nypc

clock cycles.

Finally, the hybrid search combines the features of the serial and parallel searches
by using a few correlators in parallel, but not as much as the number of offsets to be

tested, to reduce the acquisition time. In the case where O CMACs are combined in

. . . N'XN,
parallel, the matrix product r[n]¢[#] is performed in %ﬂ“— clock cycles.

More advanced techniques such as those presented in [19]-[20] have two stages.

They are commonly known as double-dwell acquisition techniques. In these schemes, if
’ the correlation energy is greater than a first threshold TH! (also called the first dwell), a
second test with more strict parameters is performed (threshold 7H2) as illustrated on
Figure 2.6 (a). The different thresholds can be determined in function of the signal
properties [15], such as the signal-to-noise ratio (SNR). The schematic of a double-dwell
algorithm is presented in Figure 2.6 (b). As illustrated on the figure, Q and Q, CMACs

are used in the first and the second dwell respectively. Both stages can be made of a

serial, hybrid or parallel search and the values of Q and Q, are determined as follow:

- 2 =1 for the serial search,
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- Q £ [2; Nyn — 1] for the hybrid search,
- = N, for the parallel search.

At any time n, all the delays with correlation energy greater than the first
threshold TH1I are stored in the vector of the potential candidate C,{n]. Thereafter, the
potential candidates are re-correlated at a time n” where (#” modulo M) = (n modulo M)
and n’% n to take advantage of the random nature of the interfering effects. In case where
the energy of the second correlation is greater than the threshold 7H2, the delay is
declared as a valid path and it is stored in the vector of the detected delays Dy[n’] for
further processing, i.e. delay tracking. In general, high threshold values will result in low
probabilities of false alarms and detections; this will in turn increase the MAT. Low
threshold valués will have high probabilities of detections and of false alarms, and they
will also have a large MAT. An optimal threshold value will result in the minimum
MAT. In general, double-dwell methods are more complex to implement than single

dwell ones. However, they help in reducing the probability of a false alarm considerably.

In [4], a new acquisition strategy combining three pipelined stages is proposed
and implemented. The different stages consist of:

1- A first dwell (hybrid search)

2- A second dwell (hybrid verification)

3- A detection stage

The authors also make the following design choices:

The correlation window W is of 204 chips,

- The over-sampling factor y is of 2,

- The number of uncertainties N, is equal to 408, i.e. W X y,

- The length N’ of the correlation is 512 chips for both the first and the second
dwell,

- A hybrid search with Q= €, = 6 CMACs is used in both the first and the

second dwell.
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Figure 2.6  Two-stages delay acquisition a) Threshold values,

b) Schematic.
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Figure 2.7 shows how the different stages interact in [4]. In the first dwell, 6
CMAC:s are used in parallel to compute the matrix product r[n]Jc[#]. Because of the chip
rate processing, a time interval of 1 frame is needed to perform the 408 correlations of
length N” = 512 chips. Thereafter, the delays of the candidates with energy greater than a
first threshold TH1 are stored in a vector (up to 36 candidates). As shown in the figure,
the potential candidates are only sent to the verification stage once the frame has been

completely scanned.

In the second dwell, each potential candidate from the first dwell is correlated 10
times. The energies of the 10 correlations are averaged and compared against a second
threshold TH2 for the verification of the potential candidates. Six CMACs and a time

interval of 1 frame are also necessary to implement this second stage.

The procedure described above is repeated for three subsequent frames. Once the
2" dwell of the 3™ frame is completed, the detection stage compares the energy-delay
profiles of the two dwells for the three frames. The valid paths are declared based on the
observation of the 6 energy-delay profiles. Therefore, the path detection is only done at

the 5" frame as shown in Figure 2.7.

1 frame

1st dwell 1st dwell \

2nd dwel

2nd dwell

Detection Detection Detection

Figure 2.7  Timing diagram of a pipelined multipath searcher [4].

One can observe that the pipeline approach as a fixed acquisition time, i.e. it does

not depend on the values of the thresholds anymore, which is of 5 frames in the present
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reference. Thus, there is no need to refer to the MAT and we can simply use the term
acquisition time. It is important to mention that the probabilities of a false alarm and
misdetection of the pipeline approach are still dependant on the values of the thresholds

through the different dwells.

Even though thevmethod presented in [4] has interesting features for practical
implementation, the data are processed at the chip rate and 12 CMACs are required for
real-time processing. Moreover, extra hardware is needed for the computation of the
signal energy (I + Q% as well as for averaging the energies over many correlation

periods.

Because of the limited hardware resources and the low rate processing, the
multipath searcher can only screen 408 offsets per frame during the initial search.
Moreover, a time interval of 1 frame is necessary for the verification of the 36 candidates
in the verification stage. The combination of these constraints results in a long acquisition
time and a low resolution. By developing a high performance complex multiplier-
accumulator, we could reduce the acquisition process and even improve the resolution of
the system by testing more offsets in a shorter period of time. Moreover, the following

calculations could be performed by a single CMAC:

- The correlation between the complex scrambling code <¢[n] and the I-Q
components of the incoming signal r[n].
- The calculation of the correlation energies E{[n] (1 + Qz).

- The averaging of the energies over many correlation windows.

The most important benefit of such a method would be the reduction of the hardware

complexity.
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2.2 Existing Designs of Fast Arithmetic Units

In order to provide a powerful motor capable of handling all of the tasks identified
in the previous section, we must design fast and polyvalent complex multiplier-
accumulator. Although many designs of rapid multipliers and MACs have been reported
in the literature [21] - [24], actual realization of CMACs on ASIC with sufficient details
about their implementation remains an uncovered topic. Only a few references describe

circuits with such functionality [25] - [27].

In [28], some conceptual schemes for the multiplication of complex numbers in a
radix-r format are presented but no implementation result is reported. In [25], a 60 MHz
CMAC is proposed as a DSP engine and is implemented in ASIC. Unfortunately, the
implementation result focuses on the overall DSP architecture and no detail about the
CMAC structure and transistor count is given. The only available implementation results
of a complex multiplier and CMAC are provided by [26] — [27], and they are realized on
Xilinx FPGAs. |

Some wave pipelined and conventional pipelined ASIC designs of multiplier and
MAC are reported in [21] — [24]. All of theses circuits are implemented in various
technologies, using different power supplies. Moreover, the method for measuring the
throughput varies depending on the authors; some results are from schematic simulations
[22] while others are from post layout simulations [21]-[23] or even hardware testing
[24]. 1t is at our knowledge, the first time that a complex multiplier-accumulator is
implemented in ASIC using the wave pipeline method. Therefore, it is difficult to find a
reference that will be a fair comparison. The reference [21] will be used only to compare
the design approaches while the MAC presented in [23] will be used to compare the
speed and the area. The choice of reference [23] for the performance comparison is
justified by the fact that the author presents the detail of how the maximal frequency has

been determined; information that is not available in the other references.
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2.3 Wave Pipeline Technique

The wave pipeline method is an optimization technique of the data flow inside a
combinational logic block. In the conventional pipeline, the synchronization is secured by
inserting sequential elements such as registers, at the cost of increased power dissipation
~ and circuit area. The throughput of a wave pipeline circuit depends on the difference
between the longest and the shortest paths [5]. The synchronization is achieved by
equalizing all the propagation delays in the CLB. By doing so, subsequent inputs can be
introduced into the circuit at time intervals that are shorter than the propagation delay of
the circuit. Therefore, many different inputs, also called waves, are processed

simultaneously in the CLB without interfering with each other as shown in Fig. 2.8.

The conventional pipeline method benefits from optimization tools, design flows
and libraries of standard cells. Nevertheless, it has some drawbacks, such as the
propagation delays of the clock (clock skew) and the increased power consumption
caused by the clock tree and the associated registers. The wave pipeline technique allows
one to increase the speed of a circuit without introducing these disadvantages [21], [22].
As a drawback, custom design is required and tuning must be done by hand at different
levels of abstraction (architectures, layout, standard cells), making the design cycle time
consuming. In this section, fundamental concepts about wave pipelining will be presented

as well as existing design approaches.
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Figure 2.8  Concept of the wave pipeline [21].

2.3.1 Wave Pipelining Timing Constraints

A new data can only be transmitted into a wave pipeline circuit when it is
guaranteed that its fastest path will not arrive at the output register before the slowest
path of the previous data. Thus, we can determine the register clocking constraints that
will ensure the respect of this condition with regards to the different path lengths. As a
general rule, every wave must be captured at the output register at every time T

expressed as [5],

T, =N XT. i +Ag.., (2.14)

where N, represents the number of waves, i.e. samples, introduced into the circuit since

the beginning of the process, Tk is the clock period and Ay, is the controlled clock

skew between the input and output registers (see Fig. 2.8).
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Two different cases must be considered to determine the minimum clock period.
The first one is the sampling of the slowest path of the actual wave, the i™ wave (Daax )
It is equivalent to the critical path timing constraint of the conventional pipeline and it is

expressed as:

T, >DR+DMAX,i+TS+ACLKs (2.15)

where Dy and Ty are the propagation delay and the setup time of the registers, and Ac;x is
the uncontrolled clock skew. The second timing constraint is related to the sampling of

the fastest path of the next wave, the (i+1)th wave (Dygy ;+7) and it is expressed as:

TL < TCLK +DR +DMIN,1'+1 —(ACLK +TH), (2.16)

where Ty is the hold time of the régisters. Figure 2.9 illustrates the three precedent
equations, i.e. (2.14), (2.15) and (2.16).

T CLK

Output
data

T |.._Capture of

Dy, i1 . wave i

Input i/
Clock

’;/

Controlled clock skew

Figure 2.9  Wave pipeline timing constraints [5].
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By combining equations (2.15) and (2.16), we obtain the requirement of the minimal

clock period,

TCLK >(DA/L4X_DMN)+TS‘+TH+2XACLK' (2.17)

As outlined in (2.17), the maximal frequency depends on the difference between
the maximum and the minimum propagation delays plus the overhead due to the sample

and hold times of the registers as well as the uncertainty on the clock signal.

2.3.2 Source of Delay Variations

The performénce of a wave pipelined circuit highly depends on the difference
between the propagation delays of the fastest and the slowest paths. However, the
propagation delays of a VLSI circuit can be affected by many different factors so that the
delay equalization is a challenging task. Here is a list of items that can degrade the

performance of a wave pipeline circuit [5]:

1) Gate delay variations: Different input combinations will create different
current paths to charge/discharge the output node of the logic gate so that the
transition time will not always be the same. This phenomenon is also called
input pattern sensitivity.

2) Temperature variations: The driving capacity of MOS transistors is sensitive
to temperature variations. This factor must be considered if an IC is intended
to operate in a broad range of temperature.

3) Coupling capacitances: This is a local phenomenon in the layout due to
coupling between wire interconnects. As the technology is scaled down, they
become more important and they limit the layout performances.

4) Process variations: The foundry’s chemical process is not perfect and there

A might be some variations in the composition of the transistors. Consequently,
some delay variations will be induced by these mismatches.

5) Power supply noise and variations.
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A mathematical expression that represents the influence of the environmental
condition variations can be developed starting from equations (2.15) and (2.16). If we

introduce two new variables Tigy and Thyxy expressed as

Ty =Dp+ Dy +To + Ay, (2.18)
Ty =Dp+ Dy — (T, + Ay ) - (2.19)

Equation 2.17 can be rewritten as
TCLK > TMAX _TMIN > (2.20)
where Tinr and T, are specified at nominal temperature. Considering S, >1, a scaling

factor for higher temperatures, the clock period becomes

Tepk >le(TMAX—TMIN)' (2.21)

For a temperatures below the nominal, the scaling factor would be S, <1

Terk > Bs(Tyux —Thaw) - (2.22)

By combining (2.21) and (2.22), we obtain the worst case clock period requirement over

a range of temperature

TCLK > :BfTMAX - ﬂSTMIN . (2.23)

In the conventional pipeline, only the worst case delay limits the frequency, while
the operating frequency of a wave pipeline circuit also depends on the best case. Thus,
two constraints can be influenced by external parameters, and this type of circuit is more

sensitive to process, temperature and voltage variations.
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2.3.3 Delay Difference Minimization

The principal task in the design of a wave pipeline circuit is the delay equalization
of all the logic paths in order to minimize the term Dy, — Dyin in equation (2.17). This
equalization is done at two different levels of tuning: logic depth (rough tuning) and cell

delay (fine tuning).

A combinational circuit is presented in Figure 2.10 (a). As one can observe, the
different signals go through a different number of logic gates. In figure 2.10 (b), some
buffers have been added to the paths of B and C so that the variables all have the same
propagation delay. In the design of a wave pipeline circuit, this step is referred to as
coarse tuning. Special care must also be taken during the layout generation so that

parallel signals go through similar wire lengths.

v/
X

A~ >o—

cC— >

v/
X

A 4

(b)
Figure 2.10  a) Original combinational circuit, b) Combinational circuit

with coarse tuning.
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The second step of tuning, gate delay equalization, is not straightforWard to
accomplish using conventional CMOS gates because (i) their propagation delays depend
on the input combinations and also, (ii) their configuration at the transistor level vary
depending on the function, so that different logic gates have different delays. For this
purpose, different logic families have been used in the literature and a review of the

various approaches is presented in the next section.

2.3.4 Existing Approaches of Fine Tuning

Among the first authors to report a successful implementation of a wave pipelined
multiplier, Ghosh and Nandy [29] - [30] have introduced the Normal Process
Complementary Pass Transistor Logic (NPCPL) and they have been followed by others
([21], [31]). However, as the supply voltage is scaled down, the NMOS pass transistors
have more difficulties in transferring logic ones introducing some significant delay
variations. The Complementary Pass-Logic Transmission-Gate (CPL-TG) has been used
to implement some full-adder blocks in [32]. Basically, this cell can implement the same
logic functions than the NPCPL family. The main difference is that some CMOS
transmission gates are replacing the NMOS pass transistors, allowing for a better delay
equalization. Pass logic gates such as NPCPL and CPL-TG mostly implement two-input

logic functions, resulting in a fan-in constraint.

In [33] — [34], another approach based on Wave pipeline Transmission Gate
Logic (WTGL) is presented. Other types of logic such as the pseudo-NMOS [35] and the
dual-rail static CMOS (DRSCMOS) [36] have also been used in the literature. However,

the logic families presented in [33]-[36] all suffer from unequal current paths.

Some authors have implemented wave pipelined arithmetic units on FPGAs in
[37] — [39]. However, the maximal speed obtained on an FPGA is 185 MHz for a 2x6 bit
MAC in [38]; which is not impressive compared to the throughputs obtained with wave

pipelined circuits in ASIC.
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More recently, a hybrid technique named HyPipe [40]-[42] has combined the
features of the conventional pipeline and the wave pipeline methods. Even though
impressive throughput can be obtained with this method, the area cost increases
significantly as well as the switching activity. The authors of these references do not
report the transistor count of their designs, and they do not make comparisons of the

power consumption with similar wave pipelined circuits.

In this thesis, the NPCPL and the CPL-TG logics will be used to quantify the

impact of the logic family on the performances of the wave pipeline CMAC.

24 Summary

Many acquisition techniques are presented in the literature. The serial, the parallel
and the hybrid searches can be used to implement one verification stage of the multipath
searcher. More advanced techniques combine a few verification stages, called dwells, to
improve the quality of the detection. The pipelining of the verification stages in multiple-
dwell schemes has the advantage of a fixed acquisition time. In conventional
implementation of the multipath searcher, a processing rate of 3.84 MHz (chip rate) is

used and hardware duplication is needed for real-time processing.

Certain parameters of the multipath searcher such as the acquisition time and the
resolution highly depend on the hardware ressources. Improving one of these parameters
normally requires proportional increase in either hardware or processing time. In this

work, high-speed processing will be used to avoid these two drawbacks.

The wave pipeline method will allow for the development of a high performance
CMAC. In a wave pipeline circuit, many different inputs (also called waves) are
processed simultaneously in the combinational logic block without interfering with each
other. This is achieved by equalizing all the propagation delays in the circuit. Moreover,
the wave pipeline technique does not suffer from clock skew because all of the data and

control signals go through the same logic depth. Since additional registers are not
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introduced, the clock tree is kept simple and the switching activity is reduced compared to
the conventional pipeline method. Considering that the clock tree can dissipate up to 40 %
of the power in an Integrated Circuit (IC) ([3], [43]), the overall power savings can be

significant.

The design of a wave pipeline circuit in ASIC requires development of logic gates
that present specific characteristics:
(i) A given logic gate must have constant propagation delays for different
input transition patterns.

(i)  Different logic gates must have similar propagation delays.

The NPCPL logic has been widely used in the literature but it presents some delay
variations has the supply voltage is scaled down; because the NMOS pass transistors
have more difficulties in transferring the logic ones. The CPL-TG will allow for a better

fine tuning at the cost of an increased number of transistors and power consumption.

In the next chapter, the drawbacks of the existing approaches for the design of the
multipath searcher will be addressed as a contribution of this work. Further investigations
will target the realization of wave pipelined arithmetic units. Finally, the NPCPL and the
CPL-TG logics will be used to quantify the impact of the logic family on the

performances of the wave pipeline CMAC.
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3 Design of a Multipath Searcher

In the previous chapter, some existing algorithms of multipath searcher have been
presented. It is shown that multiple-dwell techniques combined with hybrid searches are
among the most widely used schemes at present time. For practical implementations, the

pipelining of the search process has the advantage of a fixed acquisition time.

This thesis presents a specific algorithm based on a multiple-dwell scheme in
which different detection stages are pipelined. The algorithm and its implementation aim

at providing a better quality of path detection.

In the work of this tﬁesis, high-speed processing is expected to improve the
multipath searcher quality without increasing the hardware complexity. A single high-
speed CMAC could perform more calculations in a shorter time interval. The
implementation of the algorithm based on a processing rate of 3.84 MHz, i.e. the chip

rate, would normally require tens of CMACs resulting in complex hardware architecture.

In this section, a multipath searcher algorithm and its implementation will be
presented. Then, the speed requirement of the implementation will be determined.
Finally, a CMAC will be developed using the wave pipeline method and low level issues

regarding the timing properties of different types of logic will be addressed.
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3.1 Coarse Acquisition Algorithm
The main objective of this section is to determine a multipath searcher with the
ability to update the delay profile at short time intervals and with a high accuracy. The
double-dwell algorithm [19]-[20] is considered as one of the most effective searching
algorithms. Its top level scheme is shown in Figure 2.6 (b). The algorithm specified in
this work is based on it. However, issues concerning the computation process and its
implementation are addressed as follows.
1- After two stages of dwell, a verification stage is added to reduce the rate of
false alarm.
2- In view of the algorithm implementation, a short search period is targeted so
that an acquisition can be made during a short time interval, to improve the
quality of detection. Thus, the parameters of the algorithm need to be

determined according to this target.

Figure 3.1 (a) presents the top level scheme of the multipath searcher algorithm of
this work. As one can observe, the scheme consists of a double-dwell, each of which is

made of a serial search, and a stage of verification logic.

Figure 3.1 (b) presents the timing diagram of the target implementation of the
algorithm. In order to reduce the acquisition time, the search period, which can be
thought as the “clock period” of the process, is defined to be 5 slots. Thus, a total of 15
slots are necessary to perform the path detection. As illustrated in the figure, the potential
candidates are passed from one stage to another at the beginning of a search period. A
reduction of the search period results in increased requirements of compﬁtation speed,

which makes a critical challenge to the hardware implementation of the algorithm.
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proposed multipath searcher.
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Considering the objective of better detection quality, the algorithm and its
implementation must meet the following specifications:

1 - The acquisition time must be inferior to 2 frames,

2 — The precision of the estimated delays must be within one half of a chip period,
re. T./2,

3- The false alarm and misdetection probabilities must be of 10% or less (Py, <
0.1, P, < 0.1), for certain channel conditions defined by the 3GPP standard.
The target of 10 % corresponds approximately to the results obtained in an

existing implementation {4] in order to meet the standard requirements.

In order to meet the above objectives, the following measures are taken:
» The acquisition time is improved by using a short search period in comparison
with an existing multipath searcher [4]. As a result, an increased processing speed

is required in hardware.

» To meet the resolution requirement, the over-sampling factor y is set to 4 so that
the multipath components can be resolved within a quarter of chip duration.
Increasing the resolution normally requires proportional increase in either
hardware or processing time. In this work, high-speed processing is used to avoid

these two drawbacks.

> Four different measures are taken to improve the false alarm and misdetection
probabilities:
- A third stage, called the verification logic, is added to make sure that the
identified paths comply with a set of pre-established rules.
- The length of the correlation is doubled in the second dwell in order to have
better energy estimates [8].
- The thresholds of the first and the second dwell (THI and TH2) are proportional
to the noise floor. The different scaling factors depend on the Signal-to-Noise
Ratio (SNR) [15].
- Offset interleaving is used in both the first and the second dwell to take

advantage of the time diversity [4], [20].
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3.1.1 Stage of the 1% Dwell

This section presents the details related to the first stage of the algorithm. In a first
step, we must define the different parameters such as the correlation window size W, the
over-sampling factor y and the length of correlations N’. It has been mentioned at section
2.1.1 that the spreading factor N, of the pilot signal corresponds to 256 chips in WCDMA
downlink transmissions. In order to have better energy estimates, the correlation will be
performed over 2 pilot symbols and therefore, the correlation length N’ is fixed to 512
chips for the first dwell. The precision of the estimated delays must be within one half of
a chip period, i.e. 7,./2, as per our specifications. To meet this requirement, the over-

sampling factor y is set to 4, allowing for an error margin of % of a chip.

Accordingly to the 3GPP specifications [44], the maximal delay one can expect is
of approximately 20 psec (81 chips). For a proper operation, we will consider a safety
margin of 20 % so that the multipath searcher will verify the delays in the range of £96
chips. Therefore, considering an over-sampling factor y = 4, the number of uncertainties
N.nc to be tested by the first stage is defined by:

Nune = 2Xx96x4 = 768 offsets.

Offset interleaving is a robust strategy that has been introduced in [20] to take
advantage of the random nature of the interfering effects. This method helps in resolving
closely spaced multipath by testing subsequent samples at different points in time so that
the interfering noise is uncorrelated. In the proposed searcher, subsequent offsets
separated by 0.25 chip will be tested at one slot (i.e. 10 pilot symbols) interval and offsets
separated by 1 chip (4 samples) will be tested at 1 pilot symbol interval (256 chips).
Moreover, every offset will be correlated 2 times, at one slot interval, and the values will

be averaged before the candidate delays C,[»] are identified.

Figure 3.2 illustrates the offset interleaving strategy used in this work. The search
window W is divided into two sections. The first section consists in the tests 1 to 12 and it
is intended to scan the positive offsets in the interval [1; 96] chip. The second section

corresponds to the tests 13 to 24 and it is scanning the negative offsets in the interval [-96
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; -1] chip. As shown on figure 3.2, there is an interval of 8 chips (32 samples) between
subsequent correlations and a total of 24 offsets are tested per pilot symbol.
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Figure 3.2 Offset interleaving (1* pilot symbol, 1* slot).

The timing diagram of the second pilot symbol of the first slot is shown in Figure 3.3. On
the figure, one can observe that the positive offset window is now in the range of [2; 90]
chips. Similarly, the negative offset window goes from -90 to -2 chips. In comparison
with the first pilot symbol, the starting point of the positive offsets has been increased by
1 chip (4 samples) and the starting point of the negative offsets has been decreased by 1

chip.
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Figure 3.3  Offset interleaving for the 2" pilot symbol of the 1°* slot.

There are 10 pilot symbols per slot in WCDMA downlink transmissions. Since

the correlations are performed over two pilot symbols (N '= 512), no offset is tested at
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symbols 9 and 10 (shadowed in Figure 3.4) so that the correlations do not overflow into

next slot.

2 3

H_J
\ 1 pilot symbol: 256 chips

Figure 3.4

—

N

N’ = 512 chips

o

1 slot

Time guard between subsequent slots.

There are 192 offsets tested per slot (8 symbols/slot X 24 test/symbol) and 4 slots are

necessary to scan the 768 uncertainties. Table 3.1 summarizes the offset interleaving

strategy used in this work. In the table, the values between the brackets represent the chip

indexes that are tested for a given pilot symbol, and the fraction stands for either the 1%,

2" 3" or 4™ sample of the chip.

Pilot

1% slot

2" glot

39 slot

4" slot

symbol

1 [£1,9,17,253341,49,53 | +(1,9,17,25,33,41,49,57 | +{1,9,17,25,33,41,49,57 | +{1,9,17,25,33,41,49,57
,65,73,81,891x1/4 ,65,73,81,89}x2/4 ,65,73,81,89}x3/4 ,65,73,81,89}%4/4

2 +{2,10,18,26,34,42, +{2,10,18,26,34,42, +{2,10,18,26,34,42, +{2,10,18,26,34,42,
50,58,66,74,82,90}x1/4 | 50,58,66,74,82,9}x2/4 | 50,58,66,74,82,90}x3/4 | 50,58,66,74,82,90}x4/4.

3 | £3,11,1927,35,43,51, | =£{3,11,19,27,3543,51, | +{3,11,19,27,3543,51, | +{3,11,19,27,35,43,51,59,
59,67,75,83,91}x1/4 59,67,75,83,91}x2/4 59,67,75.83,91}x3/4 67,75,83,91}x4/4

4 | £{4,12202836,44,52, | +£{4,12,20,2836,44,52, | +{4,12,20,28,36,44,52, | +{4,12,20,28,36,44,52,60,
60,68,76,84,92}x1/4 60,68,76,84,92}>2/4 60,68,76,84,921%3/4 68,76,84,92} x4/4

5 | £(5,13.21,29,37,45,53, | £(5,13,21,29,37,45,53, | #(5,13,21,29,37,45,53, | +(5,13,21,29,37,45,53,61,
61,69,77,85,93}x1/4 61,69,77,85,93}x2/4 61,69,77,85,93}x3/4 69,77,85,93}x4/4

6 | £16,1422,30,3846,54, | +{6,1422,30,38,46,54, | +(6,14,22,30,38,46,54, | £{6,14,22,30,38,46,54,62,
62,70,78,86,94x1/4 62,70,78,86,94}x2/4 62,70,78,86,941x3/4 70,78,86,94} x4/4

7| £(7,15,23,31,39,47,55, | #{7,1523,31,39,47,55, | +(7,15,23,31,39,47,55, | +{7,15,23,31,39,47,55,63,
63,71,79,87,95}x1/4 63,71,79,87,951x2/4 63,71,79,87,95}x3/4 71,79,87,95) x4/4

§ | ={8,16,24,32,40,48,56, | +{8,16,24,32,40,48,56, | +{8,16,24,32,40,48,56, | +{8,16,24,32,40,48,56,64,
64,72,80,88,96} x1/4 64,72,80,88,961x2/4 64,72,80,88,961x3/4 72,80,88,96}x4/4

Table 3.1
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- As shown in Figure 3.5 (a), the procedure presented above is repeated two times, at one
slot interval. The first search window is performed in slot 1 to 4 and it results in the

observation matrix R'[#]. The second search window is performed in slots 2 to 5 and the
associated observation matrix is R'[#"], where n'=n+2560*4 (in sainples). Figure 3.5

(b) presents the schematic of the first dwell. As illustrated, the correlation values in the

matrices R'[#] and R'[n'] are squared and summed to produce the matrix of the energies

E[n] that can be written as

[E[n-96*4] ... E[n-96*4+y] .. E[n-96%4+3]]
E[n—q.*4] L E[n—c;*4+;/] E[n+q;‘4+3]
E[n]= E[n-i:—O] E[n:-i—;/] E[n;—3]
E[n+q.*4] E[n+c:]*4+;/] 'E[n+q=';4+3]
_E[n+95:*4] E[n+95:*4+;/] o E[n+95":‘4+3]_

The starting point of the PN sequence s[n]c[/;n] must be increased by 256 chips for
every new pilot symbol as illustrated on Figure 3.5 (c). The scrambling code sequence is
constant for the negative offset window of a given pilot symbol as well as for the positive

offset window of the next pilot symbol, where it is aligned with offset 0.

It has been mentioned previously (Section 2.1.3) that the threshold TH/ is set by
scaling the noise floor. In a first step, the noise floor is approximated by computing the
mean of thé matrix of ehergy E[n]. Then, the threshold TH1 is set as follows:

- THI= 1.5 x Noise Floor for SNR < 4 dB
- THI1=1.75 x Noise Floor for SNR >4 dB.
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Figure 3.5  a) Observation periods, b) Schematic of the first dwell,

¢) Scrambling code sequences.
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The different scaling factors are due to the fact that the noise floor has a higher
value at low SNR and therefore, a smaller scaling factor must be used to improve the
probability of misdetection. The SNR is calculated by an external module based on the
data detection results. Since the SNR estimates are only available after a few frames, a

value of 4 dB is assumed at the beginning of the process.

Once the threshold has been determined, every value in the matrix E[n]is

compared with THI. The delays with greater energy are stored in the vector of the
potential candidate C,[n] under the form {d;, E;} where d and E stand for the delay and
the energy values of the ith candidate. The vector C,{n] can accept up to 36 candidates
and control logic is necessary in case where more than 36 offsets have energy greater

than the threshold. The control logic can be summarized as follow:

1- If a 37" candidate has sufficient energy, place the candidates in the vector

C4n] in order of decreasing energy.

2- Compare the energy of the 37" candidate with every value in the vector C,x],
g

starting with the one with the most energy (the left most candidate).

3- As soon as the 37™ candidate has energy greater than a candidate in the vector
C,[n], replace the candidate by the 37" value and move right the remaining of the
vector.

4- The right most candidate (i.e. the one with the least energy) is discarded.

At the end of a search period, the 1xy vector of the potential candidates C,[n], where

represents the number of candidate, is send to the second dwell for verification.

43



3.1.2 Stage of the 2" Dwell

This section presents the details related to the second stage. The role of the second
dwell is to verify that potential candidates identified by the first dwell have sufficient
energy to be declared as valid paths. There is a latency of 5 slots before this operation can

start because it is waiting for the vector C,[n] from the first stage.

In order to produce some more accurate energy estimateé, the length of correlation
N’ is increased to 1024 chips, which is equivalent to 4 pilot symbols. The use of such a
correlation length will help in removing energy peaks dued to noise and interferences.
Moreover, every candidate will be correlated 5 times and the different correlation

energies will be averaged before they are compared to the second threshold TH2.

No candidate is tested at symbols 7, 8, 9 and 10 (shadowed in Figure 3.6) so that
the correlations do not overflow into next slot. Therefore, up to 36 candidates have to be

correlated during the 6 first symbols.

S—— ~

\ 1 pilot symbol: 256 chips N’ = 1024 chips /

1 slot

Figure 3.6  Time guard between subsequent slots (2" dwell).

In most cases, the delays of adjacent candidates in the vector C,[n] are separated
by only 1 sample because of the combined effects of the pulse shaping filter and the
oversampling of the analog-to-digital converter. To take advantage of the time diversity,

the candidates are tested using an interleaving strategy.

44



Figure 3.7 illustrates the offset interleaving strategy in the 2" dwell. As a starting
point, it is known that all the candidates must be tested within 6 slots. Therefore, the
vector C,Jn] will be divided into 6 groups and the delays belonging to 1 group are
correlated within 1 pilot symbol. With this method, the slot is divided into 6 uniformly
distributed averaging periods. The number of candidate in each group is defined as:

# of candidate/group = y/6

In case where the above operation produces a number with a fractional part, the quotient
is simply rounded to the largest integer. Then, an interleaving step is defined using the
following equation:

Step = y | (# of candidate/group).

The step value is also rounded to the largest integer. In most cases, the step is equal to 6
candidates. At the beginning of the process, the starting point of the interleaving scheme
corresponds to the left most candidate of the vector Cy[n], as illustrated on figure 3.7.
Assuming a step of 6 and a total of 36 candidates, the potential delays would be tested in
the following order: 1, 7, 13, 19, 25 and 31. Since a next step would bring us to the index
37, which does not exist in the vector C,[#], the starting point is increased by 1 and the
process is restarted. Thus, the next delays to be tested would be those at indexes 2, 8, 14,
20, 26 and 32. This process continues until all the potential delays in the vector Cyn]

have been tested.

Starting point

l

Step = 6 candidates

Figure 3.7  Offset interleaving strategy for the 2" dwell.
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The procedure presented above is repeated 5 times, at one slot interval and the
correlation results are stored in the x5 veriﬁcatic;n matrix R Tn']. As shown in Figure
3.8, every column of the matrix R '[#n"] is used to store the correlation results of 1
verification period. In the figure, the variable ¢ can take any value in the range [0;
6%x4x256-1] samples. The symbol ¢ is only used to illustrate that a given offset can be

tested anywhere within the 6 first pilot symbols of a given slot.

As in the first dwell, the stream r{n] is shifted for different offsets while the
scrambling code sequence ¢[n] is constant for a given pilot symbol. Whenever the
number of correlation per group is reached (6 in the example), the starting point L of the
PN sequence €[n]=[5[n]c[L;n] - s[n]c[t:n] - S[n]E[L+N-1n]] is increased by 256
chips. Similarly, the starting point » of the incoming signal r[#] is increased by 4x256

samples to consider the next pilot symbol.

S[nleltn]

r[n'+y+q* yl—

1t verification 2 yerification . ... 5 verification

R, (0= R [ny+q*y+4] R'[n+y+q*y+4*2560+¢] ... RTn'ty+g*y+4*%4*2560+¢)

!
I-I?
!

E[nl=[... En+y+q*y] .|

@ N _, Discarded
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Vector of the detected delays
T
D n=[... n%y+q*y ... ]

Figure 3.8  Schematic of the 2" dwell.
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The wx1 vector of the energies E [n'] is obtained by squaring the I-Q
components of every correlation result and by computing the mean of the verification
matrix R Tn'] along the second dimension. Every value of the vector E, [n'] is compared
against the second threshold TH2 which is determined accordingly to the following rules:

- TH2 =1 x Noise Floor for SNR <4 dB

- TH2=1.5 x Noise Floor for SNR ¢ [4; 7.99] dB
TH2 = 1.75 x Noise Floor for SNR € [8; 11.99] dB
TH2 =2.25 x Noise Floor for SNR > 12 dB

It is important to mention that the noise floor calculated in the first dwell is re-used in this
second step. In general, this approximation yields in accurate threshold values because
the SNR does not change dramatically over a period of 5 slots. The delays with energy
greater than the threshold 7H2 are stored in the vector of the detected delays D n’],

which is sent to the verification logic at the end of a search period.

3.1.3 Stage of the Proposed Verification Logic

As mentioned in section 2.1.1, the received signal r(z) is first filtered by means of
a matched filter, i.e. the pulse shaping filter, before being sampled at an oversampling
rate and converted to a digital stream. The filtering process combined with the sampling
results in spilling the energy of the multipath components over a few samples, producing
some energy lobes that typically spread over 4 to 7 samples when y is equal to 4. A
sample in the energy lobe be detected as a path that is in fact not existing lead to a false

alarm.

Figure 3.9 presents an example of a channel with closely spaced multipath
components separated by only one chip interval at offsets 1 and 5 (highlighted in bold).
In the example, pulse shaping and oversampling are used, and some energy lobes appear

around the multipath locations. The contributions of the tWo energy lobes are added
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between the two paths, and a peak with energy greater than the threshold appears at offset
3. In this work, a third stage called the verification logic has been added. This is a new
feature in comparison with existing double-dwell algorithms [19]-[20]. Its role consists in
verifying that the combined effects of filtering and sampling do not create some valid

paths where none exist.
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Figure 3.9  Energy lobes caused by the filtering and sampling.

3.1.3.1 Principle of the Verification Logic
The verification logic is based on three principles:

1- Remove all the weak energy peaksb located within +2 samples of a local
maximum.

2- If the interval between 2 local maximums is of more than +8 samples: remove
also the energy peaks of smaller value located at +3 samples of a local
maximum.

3- A post processing verification is needed to remove any path located at +2

samples of each other; the weaker peaks are removed.
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In order to be considered as a local maximum, a given delay must have greater

energy than its two immediate neighbours.

The following example illustrates the principle of the proposed verification logic.
A typical energy-delay profile for a channel with closely spaced multipath components at
relative delays 3 and 9 is illustrated in Figure 3.10 (a). In the figure, the actual paths are
highlighted in bold. Some correlation peaks caused by filtering and sampling have energy
greater than the threshold and are identified as valid paths at offsets 0, 1, 2,4, 5,6, 7, 8,
10, 11 and 12.

In Figure 3.10 (a), three local maximums appear at offsets 3, 7 and 9; only those
located at offsets 3 and 9 are actual paths (highlighted in bold). Therefore, the verification
stage would identify 3 search windows represented by brackets in the figure. Since the
interval in between the local maximums is of less than 8 samples, the different search
windows have the following vélues:

- 1% search window: [-3; +2] samples,
- 2" search window: [-2; +2] samples,

- 3" search window: [-2; +3] samples.

After applying the verification rules, many correlation peaks are removed and the
energy-delay profile of Figure 3.10 (b) is obtained. In this particular example, the local
maximum at offset 7 is removed because it is located at 2 samples of a stronger energy
peak, i.e. the one of offset 9. Even though the proposed verification logic cannot
eliminate completely the occurrence of false alarms, it produces accurate results for most

channel conditions.
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Figure 3.10 Energy-delay profile a) Before and b) After the verification stage.

50



3.1.3.2 Verification Logic Algorithm

Before translating the above principles into a flowchart, the main steps of the
algorithm have to be identified. Following is a list of the principal steps of the

verification logic:

1- Verify all the candidates of the vector D, and identify the local maximums.
The four cases shown in figure 3.11 result in the identification of a local
maximum. These four situations can be summarized as follows: identify the
candidate under verification as a local maximum if it has greater energy than
its two immediate neighbours (Case 1), or if it has only one immediate
neighbour with smaller energy (Cases 2 and 3), or if it has no immediate
neighbour at all (Case 4). In turn, this can be expressed under the form of a
flowchart as in Figure 3.12, where D,[x] and E,x] are the delay and the

energy of the x™ element in the vector.

2- Verify all energy peaks located in the interval of [-3; +3] samples from a
local maximum. The flowchart of figure 3.13 illustrates this procedure. In case
where the interval between 2 local maximums is of less than +8 samples, do
not verify the peaks located at +3 samples. Identify all peaks with smaller
energy and write their indexes in the vector Delete value. Finally, remove in
the vector Dy, the candidates whose indexes figure in the vector Delete value

and go to the post processing verification.

3- A last step, called the post processing verification, is needed to verify that
there is at least an interval of 3 samples between subsequent delays in the
vector Dy. The flowchart of figure 3.14 illustrates this procedure. In the case
where the 3 samples interval is not respected, the weaker peaks are removed.
It is important to mention that a candidate that has already been marked as a
value to delete cannot remove other paths. Finally, the candidates whose

indexes figure in the vector Delete value are removed in the vector D,.
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Figure 3.12  Flowchart of the identification of a local maximum.
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Figure 3.14  Flowchart of the post processing verification.
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3.2 Computational Requirements of the Proposed Searcher
This sub-section illustrates how a single complex multiplier-accumulator can be
used to perform the calculations related to different dwells. Then, the computational

requirements of the proposed multipath searcher will be determined.

Before we go any further, an overview of the CMAC architecture is presented.
Basically, the complex mutiplier-accumulator can perform two arithmetic operations:

‘1- Correlation between the complex scrambling code ¢[n]and the I-Q
components of the incoming signal r[x],

2- Computation and averaging of the correlation energies (I + Q7).

Figure 3.15 (a) illustrates the schematic of the CMAC in the correlation mode. In the
figure, the subscripts » and i stand for the real and imaginary component of the different |
matrices. The RESET signal is only asserted after N’ clock cycles, once the correlation is
completed. Figure 3.15 (b) presents the schematic of the CMAC in the 2™ mode of
operation. Since only one half of the CMAC is needed to perform the operation I + Q7
two calculations can be done simultaneously. In Figure 3.15 (b), two rows of the matrix
E[n] are calculated in parallel, reducing by a factor of two the number of clock cycles
needed to conclude the operation. The time interval between subsequent RESET

assertions in the 2™ mode depends on the calculation to be performed.

In order be able to process the data at a faster rate than the chip rate of 3.84 MHz,
the multipath searcher must store in memory the data related to one search period. Thus,
there is an extra latency of 5 slots at the beginning of the process before the CMAC can

start the calculations.
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In the case where the clock frequency of the CMAC is faster than the one of the
control logic, some circular First-In First-Out (FIFO) queues act as buffer between the
two clock domains. The FIFOs are read at the clock speed of the CMAC while they are
written at the clock frequency of the controlling logic. The utilization of the CMAC must
be optimized to avoid hardware duplication and the pauses between different
accumulations must be minimized. In general, these pauses are dued to the time that is
needed to write the FIFOs. It is important to make sure that the writing capacity of the

control logic matches the reading rate of the CMAC.

It is observed that a total of 5 different vectors are needed in the 1% mode of

operation (¢ [#],¢[n],r,[n], x[n],—1*¢[n]) while 4 different vectors are necessary in
the 2" mode (R'[7],R"[1],R", [n+1],R" [n+]1]). Therefore, 5 FIFOs are used and a

demultiplexer is responsible for routing the vectors to the right input as illustrated in
Figure 3.16. Depending on the mode of operation, the demultiplexer makes the

connection accordingly to the truth table presented in Table 3.2.

g {0 Mode 1

1.-> Mode 2
Mode 1 -« €[] E b e
Modez -+ p-p) —l o 12 10 [2 12 [7 Fal 1 A0

B 2T

Mode 1 - f}[n] i - E : 7

0PRSS EN N SN PR G S
’ 5 : e

| |
w1

Mode 2 - R'r[n+1]

reset

a R
et N S s £ £ £ ER KW E NP (2
Made 2 - R}[I’l+]] g ] 3 F——””Q {,\»-'T'\\l N
: : \.\]/;' T T
Mode 1. 175 [n] __ sl | 5 | 1 ] 3 [ 2 | 1 L_;E,, 5 Gﬁ“’{fiﬁ\/\ f
Mode2 ~ NA : T T : H './“'-y«}"
H H S
§ write read : \\“‘*\
¢ ! - reset
ck | FIFOs Lok,

Figure 3.16 Inputs of the CMAC.
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Output name Mode of Output value
operation
A ; i
B ; i
c ; 3
D : ;
; : :
i ; :
e z
e z
Table 3.2 Truth table of the demultiplexer.

The computational requirements of the proposed implementation are summarized in
Tables 3.3 and 3.4. In the tables, the mode of operation of the CMAC appears in the third
column. It is important to mention that only the two first stages of the algorithm require

the use of the CMAC.

Operation # of CMAC Mode of
' cycles/S slots operation
Calculation of
matrix R[] 768 %512 1
Calculation of
matrix RTn'] 768512 1
Calculation of
the noise floor 2x768 2
Calculation of
matrix E[#] 768 2
Total 788 736
Table 3.3 Computational requirement of the 1* dwell.
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Operation # of CMAC Mode of
cycles/5 slots operation
Calculation of
matrix R, '] 36x1024x5 1
Calculation of
vector E [n'] Sx18 2
Total 184 410
Table 3.4 Computational requirement of the 2" dwell.

The computational requirements of the 1 and the 2™ dwell result in a total of 973
146 CMAC cycles per 5 slots. Therefore, a total of 2 919 438 CMAC cycles are required
per frame. Considering a rate of 100 frames per second in WCDMA systems, a speed of
291 943 800 CMAC cycles/sec is needed to implement the proposed multipath searcher.
The implementation of the searcher based on a processing rate of 3.84 MHz, i.e. the chip

rate, would normally require 77 CMACs resulting in complex hardware architecture.

3.3 Design of a High-Speed CMAC Using the Wave Pipeline Method

The computation of the algorithm shown in Figure 3.1 is executed mostly by
means of CMAC cells. As mentioned previously, the target of the algorithm
implementation is to make the computation to be completed within a short period of 5
slots, and thus the circuit cells need to be able to operate with short delay. Also, it is
expected to deal with high resolution data, requiring a high speed process. In order to
have a simple structure, this design is to use only one CMAC cell to perform the double-
dwell computation without doubling the processing time. Thus, the speed of the CMAC
cell to be developed needs to double. ‘

Figure 3.17 recalls the general scheme of a multipath searcher where 2 CMACs

operate in parallel for real-time processing. Moreover, some extra hardware represented

by the symbol | . |2 in the figure, is necessary to compute the correlation energies, i.e.

T+ QY.
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In the design presented in this thesis, a clock rate of the searching system of 3.84
MHz would require the use of 77 CMAC:s, resulting in complex hardware architecture. If
instead of 77 CMAC cells, a single high-speed CMAC is used to perform the same
amount of calculations for the circuit structure to be simple; this CMAC cell has to be

made to operate at a speed of at least 292 MHz.
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FINGER MANAGEMENT ALGORITHM

l

To further processing

Figure 3.17 General scheme of the coarse acquisition.

The two first steps for synchronizing a digital circuit are (i) the determination of
the hardware architecture and (ii) the choice of a logic family. In this section, the
different design steps of the CMAC will be presented following a top-down approach, but
it is important to mention that low level design choices also have repercussions on higher

levels of abstraction.

The wave pipeline technique has been used for the development of a high
performance complex multiplier-accumulator. A wave pipeline circuit does not need a
clock for synchronization. The operations in the circuit are synchronized by means of

equalized path delays. Thus, its main advantage beneficial for this work is that it does not
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suffer from clock skew because all of the data and control signals go through the same
depth. If all the circuit units are designed to have short delay, whitout clock skew, the
total of the circuit can be minimized easily. Also, the wave pipeline can help to reduce

the switching activity and the circuit area because there is no clock tree.

It should be mentioned that to apply the wave pipeline technique, the circuit
should be regular-structured and its basic blocks be grouped with equalized delay paths
easily. A CMAC, of which the diagram is shown in Figure 3.18, has a structure of regular

arranged building blocks. Thus, it is suitable to the wave pipeline method.

To complete the multiplication of two complex numbers, four multipliers are
required as shown in the figure. The products are then added two by two to generate the
real and imaginary components. Therefore, the multiplier is the most important block and

it is the topic of the next section.
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Figure 3.18 General scheme of a CMAC.
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3.3.1 Wave Pipelined Multiplier
The choice of the multiplier architecture is determined by the fan-in constraints of
two logic gates imposed by the CPL-TG and the NPCPL families (section 2.3.4). We

estimate that a Booth multiplier would require a combinational area of
17x(word length)® two-input gates as opposed to 9.5x(word length)’ two-input gates

for an array multiplier.

In order to reduce the area and the logic depth, an unsigned array multiplier has
been implemented using the wave pipeline method. The inputs of the multiplier are
quantized on 8 bits in a sign-modulus format and the CSA array only processes the
modulus. The sign is generated separately using a XOR gate. This results in a reduction
of the hardware required because we now consider two inputs of 7 bits. The CSA tree
will perform the multiplication accordingly to the principle shown in Figure 3.19, where
X represents the multiplier, Y is the multiplicand, U represents the partial sums and V the

partial carries.

Xo(0 Ys Ys Y4 Y5 Yo Y1 Yo)
+Xi(Ys ¥Ys Y4 Y3 Y2 Y1 Yo)
Uo7 Ugs Ugs Ugs Upz Ugz Ugy Ugg
+ Vo7 Vos Vos Vos Voz Voo Vor Voo
+ X3 (0 Y6 Ys Ys Ys Yo Yy Yop)
Uiz Us Uss Uys Uz Uyp Uy Uy
+ V17 Vig Vis Via Vi3 V2 Vi1 Vi
+ X300 Y Ys Yy Ys Yo Yy Yo

Figure 3.19 CSA array principle.
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The processing element of the CSA tree is basically a full adder to which an AND
gate has been added. The pins X and Y (Figure 3.20) take as inputs some bits from the
multiplier and the multiplicand. Some sum and carry (U, V) generated by a previous stage
are applied to the pins labelled 4 and B. The AND gate performs the bit-wise
multiplication of the multiplier and the multiplicand. In the actual circuit, three buffers
have been added [21]. They do not interfere with the functionality of the cell; their role is
only to add some delay in certain logic paths to synchronize the different signals. They
alter the propagation time of the multiplicand Y through the different stages. The input
signal 4 is also buffered so it reaches the CARRY block at the same time as the output
signal from the XOR gate.

>

B AXORB

B CARRY.
,— c

Figure 3.20 Processing element of the CSA tree.

In order to be able to accumulate the different results with a simple structure in
the CMAC, the output of the multiplier has to be in two’s complement. Since we use the
sign-modulus format, the first step to make the conversion is to generate the complement

of the bits if the result is negative. This is achieved by the 1’s complement units in Figure
3.21.

Two adders are used in the architecture as presented in Figure 3.21. The first
adder performs the final summation. The role of the second adder is to convert the data
format of the result, i.e., the 1’s complement, into the two’s complement by adding the

sign to it. The LSBs (highlighted characters in Figure 3.19) are not discarded for accuracy
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of the result; they are sent via buffers to the second adder. Some ripple-carry adders
(RCAs) have been chosen because of the nature of the data arrival;, the LSBs are
generated at different logic depths in the architecture, so that they already have some time

skews.

Some buffers, illustrated by Ar,, Af,, Az, and Az, on Figure 3.21, are used to

synchronize the propagation of the sign so that the multiplier can operate at any
frequency up to fua Finally, a first sign extension is performed and the output is
represented on 16 bits, instead of 15. This is needed to avoid overflow when the products

are summed in the CMAC.

4_’ 5 SIGN-MODULUS f :
® —| > Register @ — > Register
] [
A 7 (MODULUS) ' 7 (MODULUS)
X CS3A array Y
SIGN CARRY {MSBs) sUM (MSBs) SUM {LSBs)
7 7 ' A 7
) . . : b e : i e
AQ Afa SKew o sKew oskew
| 1=t comple::nent 1= comple;:ent \-—-‘ 1t complement
. | | |
| C.. RCA
B : 8 . 7 o
Af—l 1 1 i V5SS
X[14-7] X[6-0] Y[14-0]
Cin RCA (sign extension)

2's complement

Figure 3.21 Functional schematic of one multiplier.
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3.3.2 Wave Pipelined CMAC
The architecture of the wave pipelined CMAC is presented in Figure 3.22. In the

figure, the four multipliers correspond to the wave pipelined multiplier described in the
previous section. The sign extension performed at the output of the multiplier was

intended to avoid overflow when summing the products.
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Figure 3.22 = Architecture of the wave pipelined CMAC.
A model of the CMAC at the gate level has been developed using Matlab® and

incorporated into the multipath searcher model, with which we could observe the effect

of the proposed arithmetic units in simulations of the overall communication system.
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From these simulations, it is observed that a sign extension of six bits is sufficient to
make the accumulation without facing any wrap around phenomenons. This second sign
extension is performed before the accumulation, at the output of the first row of adders in

Fig. 3.22. Some RCAs are also used in the CMAC because the different bits have already

got some skew.

Some buffers, represented by deskew triangles in Fig. 3.22, are used to uniform
the skews in order to re-synchronize the data at the output of the structure. The SAMPLE
signal allows for different accumulation lengths. The two control signals (CLK and

SAMPLE) get additional skew, represented by As and At in the figure, so that they are

in phase with the flow of the data and the CMAC works properly at any frequency up to
fmax.

The accumulation is executed bit by bit because of the delay of the data due to
RCA adders. Therefore, the latch of Figure 3.22 must have a special architecture for a
proper synchronization. Figure 3.23 (a) shows the building block of the accumulation
latch. The principle is that the output of the adder (DATA4;, in the figure) can only be re-
introduced into the adder (DATA,,) at the next clock cycle. Therefore, three D flip-flops
(DFFs) are used with the three phases clocking scheme presented in Figure 3.23 (b). The
first flip-flop is clocked with the late version of CLK to make sure that the signal does not
propagate through the latch within less than one clock period. The second flip-flop
samples the signal during the second half of the clock period while the third DFF re-
introduces the signal into the adder at the next clock cycle. The delayed version of CLK

and CLK are propagated to the next bit. An asynchronous RESET is used to control the

different accumulations lengths.
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Figure 3.23 a) Processing element of the accumulation module, b) Clocking
scheme.

3.3.1 Standard Cells and their Impact on the Fine Tuning

In the literature, the NPCPL logic is the most widely used family for the design of
wave pipeline circuits in ASIC ([21], [29], [30] and [31]). The NPCPL cell, illustrated in
Figure 3.24, is a dual-rail logic block that takes as inputs all of the variables and their
complement and that produces the output and its complement. Different logic functions
can be implemented by modifying the input connections of the pass transistor network as
shown in Table 3.5. The main advantage of the NPCPL logic is that a single block can
implement most of the commonly used logic block; allowing for fine tuning as well as for

capacitance equalization. However, as the voltage is scaled down, the NMOS pass
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transistors have more difficulties in transferring logic ‘1’ so that the internal nodes (see
Figure 3.24) are difficult to rise to high level. Therefore, some significant variations
between the rise time and the fall time of a given gate are observed. Since the NPCPL is a

dual-rail logic block, it is mandatory that the two outputs Q and Q are synchronized for a

proper operation of the wave pipeline circuit. The accumulation of delay uncertainties
can cause some speed degradations, especially when the logic depth of the circuit
increases. In this project, the impact of the logic family on the performance of the wave

pipelined CMAC is investigated.

A A A A
B, — 1L
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=

) | Internal nodes
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Level
Restoring

Inverters
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Figure 3.24 Schematic of the NPCPL cell.

Logic function ) 4 B, Pin labd 0 O
AND/ AND A | B B AB AB
OR/OR A | B | B A+B A+B
XOR/ XOR Al 4 B A®B A®B
CARRY C B A®B carry carry
SUM C | C | 408 | A®B®C | 46B&C
BUFFER B(r) | B() | B() B@+1) B(r+1)
D flip— flop D o CLK Q é

Table 3.5 Realizing different functions with the NPCPL/CPL-TG cell
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In an effort to improve the fine tuning of our wave pipelined circuit, we have
replaced the NMOS pass transistors by transmission gates; this cell is known in the
literature as Complementary Pass-Logic Transmission-Gate (CPL-TG) [32]. Figure 3.25
presents the schematic of a CPL-TG gate. With this configuration, the internal node can
benefit from the full supply voltage swing. To minimize the capacitance, the switches of
the CPL-TG as well as the pass transistors of the NPCPL are sized with the ratio W/L =
0.5pm/0.18pum in a 0.18 pm technology. The level restoring inverters have been designed
not to have a centered transfer characteristic at VDD/2, but to ensure the smallest delay
variation between the rise time and fall time. With HSPICE™ simulations, it is found that
a size of W/L = 2.5um/0.18um for the PMOS and a size of W/L = 2pm/0.18pm for the
NMOS allow for a proper operation of the different cells. The layout views of the NPCPL
and CPL-TG are presented in Figure 3.26. The schematics and layouts of the different
logic gates have been designed using Virtuoso™ from Cadence®. As one can observe on
Figure 3.26, the output inverters are located on each side of the cells. The four CMOS
switches/NMOS pass transistors are located in the middle of the cell. The two power rails
VDD and VSS figure at the top and at the bottom of the cells respectively. These gates
occupy a silicon area of 7.65 um X 9.31 um for the NPCPL and of 8.42 um X 9.86 um
for the CPL-TG; some values that are comparable to the size of other 0.18 pm technology
standard cells. These layouts are free of backend verification errors such as Design Rule

Checking (DRC) and Layout Versus Schematic (LVS).

§~<1Ai—B B4Ai_§ B—<IAJ|—§ EﬁIA B

Q Level
Restoring
Inverters

- Figure 3.25  Functional schematic of the CPL-TG cell.
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(a) (b)
Figure 3.26  Virtuoso™ layout of the a) NPCPL cell, b) CPL-TG cell.

The libraries of standard cells (NPCPL and CPL-TG) have been full-custom
designed using the input connections presented in Table 3.5. As one can observe in the
table, all of these gates can only accept two inputs at the exception of the CARRY
function. This fan-in constraint influences the choice of the arithmetic units’
architectures. Also, the level restoring inverters have small geometric sizes to minimize
the capacitance. As a result, the fan-out supported by the different cells is small and every

gate cannot feed more than two cells in order to ensure fast transitions.

The CPL-TG logic family also presents some similitude with the wave pipelined
transmission gate logic introduced in [33]-[34], the main difference resides in the fact that
a single building block is used to implement all of the logic functions in this work. It is at

our knowledge the first time that the CPL-TG logic is used for wave pipelining.
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34 Summary

The design of a multipath searcher is presented. It is focused on the improvement
of the detection quality by reducing the acquisition time and by increasing the resolution
of the system. This is done by testing more offsets in a shorter time interval. The
probabilities of false alarm and misdetection are minimized by introducing an effective
detection scheme of the potential paths, combined with the addition of a third stage called

the verification logic.

In the design of the circuit, the focus is on the most important building block; the
CMAC. Moreover, we use a high-speed and polyvalent CMAC, so that a single unit can
perform all the calculations. In order to increase the speed of the arithmetic units, the
wave pipeline technique has been used. Assuming a CMAC processing rate of 3.84 MHz,
77 CMACs would be required for the implementation of the multipath searcher.

The NPCPL and the CPL-TG logics have been used as universal building blocks
for the creation of the conventional logic gates. The schematics and layouts of the
different logic gates have been designed using Virtuoso™ from Cadence®. The
structures of the arithmetic units have been chosen carefully to comply with the precision
requirements of the system model while meeting the fan-in/fan-out constraints of the two

logic families.
With the circuit structure described in this section, it is expected that the speed of

the CMAC is improved significantly, which leads to a high throughput of path detection.

The simulation results are presented in chapter 4.
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4 Performance Evaluation

This section presents the performance evaluation. This is needed to quantify the
advantages and drawbacks of the method described in this work. The circuit level
simulation results are presented following a bottom-up approach, because low level
design choices influence higher levels of abstraction. For every step, details about the
simulation testing procedure will be given. The performances of the proposed method

will be compared to those of existing works presented in the literature.

4.1 False Alarms and Misdetection Probabilities

The false alarm and misdetection probabilities of the proposed multipath searcher
are plotted in Figures 4.1 and 4.2 for different ratios of Energy per Bit (E,) to the Spectral
Noise Density (N,) (Ev/N,). These simulations were realized in Matlab® using a gate
level model of the CMAC.

Figure 4.1 (a) illustrates the performance of the multipath searcher for a fading
channel with a Doppler frequency f; of 200 Hz (i.e. v =120 Km/h), and 4 time invariant
paths of respective power equal to 0, -3, -6 and -9 dB located at offsets [0, 260, 521, 781]
ps. As shown in the figure, the probabilities of misdetection and false alarm are constant
to approximately 10 % for different SNRs. The false alarm probability is of particular
interest since it is the metric targetted by the verification logic. Figure 4.1 (b) illustrates
the false alarm probability of the multipath searcher before and after the verification logic
“stage. The simulation results show that there is an improvement of approximately 55%
after the stage of verification logic, demonstrating the effectiveness of the proposed

method. The need for verification logic is justified by the high resolution of the analog-
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to-digital converter. In fact, the third stage of the proposed searcher is just compensating

for a problem that was created when increasing the resolution.

Figure 4.2 shows the different probabilities for a channel with birth and death
propagation conditions in which multipath components suddenly appear and disappear. In
the test case recommended by the 3GPP standard [44], two paths of equal strength (which
is set to -3 dB in the simulation) are chosen randomly from the offset distribution of
[-5,-4,-3,-2,-1,0, 1, 2, 3, 4, 5] ps. For this particular case, the different probabilities are
constant to 2% for all SNRs.

From the above discussion, we can state that the different probabilities are
meeting the objectives of section 3.1, and thus, the receiver would be able to meet the

requirements of the 3GPP standard in terms of bit-error-rate.
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Falssoalarm probabilities before and after the verification logic - Fading channel 200 Hz
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Figure 4.1  (a) False alarm and misdetection probabilities for a fading

channel with f; = 200 Hz.
(b) False alarm probabilities before and after the stage of

verification logic for a fading channel with f; = 200 Hz.
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False alarm and misdetection probabilities for different Eb/No - Birth and death conditions
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Figure 4.2  False alarm and misdetection probabilities for birth-death

propagation conditions.

4.2 Logic Gate Performances

The advantages of the wave pipeline method can be realized only if the logic gates
have certain timing properties. The major goal in wave pipelining is to balance the delays
of the logic paths from all inputs to all outputs. Therefore, the design of the logic gates is
one of the most critical steps. The design choices made at this level of abstraction will

have repercussion in term of speed, power consumption and area on the overall system.

Comparison will be made between different logic families in order to have a
better understanding of their influence on the performance of wave pipeline circuits. In
the wave pipeline literature ([21], [29], [30], [31]), the NPCPL logic has been identified
as a universal cell for the creation of conventional logic gates. The principal advantage of
this type of logic is that a single building block can implement all of the logic functions.
This has for effect of reducing the delay variation between different logic gates.
Nevertheless, we will demonstrate that the NPCPL cell also suffers from unequal current

paths when using a 0.18 pm technology and a supply voltage of 1.8 V.
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In order to measure the delays of the standard cells in the NPCPL library; a proper
test-bench had to be elaborated. The device under test (DUT) has been inserted between
two NPCPL buffers as illustrated on Figure 4.3, in order to normalize the input drive and
the output load. Similarly, the CPL-TG logic gates have been tested with CPL-TG
buffers.

Input

Signal
. NPCPL

Buffer DUT >

CLOAD I

Figure 4.3  Test-bench.

All input patterns have been simulated for every logic gates using HSPICE™
from Synopsys® and for every pattern; the propagation delay has been measured. The
propagation delay is defined as the time interval between the input stimulus crossing 50%

of VDD and the output crossing 50% of VDD as illustrated in Figure 4.4.

INPUT 50% Vdd —hlf
Delay

OUTPUT 50% Vdd —

Figure 4.4 Propagationy delay.

The histograms of Figure 4.5 summarize the performance of the two logic families i.e.
the CPL-TG and the NPCPL. Figure 4.5 (a) illustrates the average propagation delay of a
given logic gate, while Figure 4.5 (b) shows the maximum delay variation induced by

different input combinations, i.e. Dyax - Dyin-
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As an example, Table 4.1 presents the delays of the CPL-TG XOR gate for
different input transitions. In the table, the propagation delay is of 97 psec when a = 1
and b is rising. When q is rising and b = 1, a propagation delay of 77 psec is observed.

Thus, the maximum delay variation is of 20 psec.

Input transition Delay (ps)
at|b=0 85
al|b=0 78
at|b=1 77
al|b=1 84
b1]|a=0 89
bi|a=0 92
bt|a=1 97
bl]la=1 83

Average delay 85.66
Dinax - Diin 20

Table 4.1 Delay of the CPL-TG XOR.

In Figure 4.5 (a), one can observe that there are only small differences in the
average delays of a given logic family; a variance of 8.5 psec‘and of 6.9 psec are
observed for the CPL-TG and the NPCPL respectively. The NPCPL library is slightly
faster than the CPL-TG one; this is caused by the increased input capacitance of the

buffer that acts as a load in the CPL-TG test setup.

Figure 4.5 (b) illustrates the maximum delay variation for different input
combinations (Dmax - Dmin). In average, the NPCPL gates have a delay variation of 118
psec compared to 20 psec for CPL-TG. The CPL-TG logic family obviously has befter
delay characteristics at the cost of more transistors. Thus, this drawback is acceptable
since the performance improvement is significant. The delay variation for different input
combinations is improved by six orders of magnitude with the CPL-TG logic in
comparison with the NPCPL. On the other hand, the hardware cost has increased from 8

transistors per gate (NPCPL) to 12 transistors per gate (CPL-TG).
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As outlined in Figure 4.5, there are still some variations in the delays of the CPL-
TG gates. Depending on the function, the input signals attack a various number of gates
and drains, so that the input capacitance is not always the same. Figure 4.6 highlights this
concept with the case of the AND gate. In this example, the input capacitance of the 4
signal is of two drains, while the B signal is applied to four gates and two drains.
Obviously, there will be some delay variations induced by the difference of the input
capacitance. To reduce the relative variations, one can modify the inverter sizing to
improve either the rise time or the fall time. Note that this strategy is not used in this

project in order to equalize the driving capacity of the various gates.

Figure 4.6 Ihput capacitance for different signals (AND gate).

It should be mentioned that delays of the NPCPL and CPL-TG standard cells have
also been evaluated using a supply voltage of 3.3 V. It has been observed that the NPCPL
block offers a better delay equalization as the supply voltage increases. However, in this
work, we prefer to work with low voltages in order to reduce the power consumption.
Therefore, the performance evaluation of the Standard cells at 3.3 V is not presented in

this thesis.
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4.3 Impact of the Logic Family on the Performances of the Wave

Pipeline CMAC

The influence of the logic family on the performances of the CMAC is
highlighted in Table 4.2. The speeds of the wave pipeline circuits have been evaluated by
means of post layout (extracted schematic) simulations with a supply voltage of 1.8 V
and an ambiant temperature of 25°C. The power consumption has been measured by

means of HSPICE™,

The different signals arrive at the output register of the CMAC at different
moments, and some transition periods of duration Dy, — Dy, are observed in between
the waves. As the logic depth of the circuit increases, some delay uncertainties are
accumulated in the various logic paths and the transition period D — Dmin becomes
more important. Practically, the worst case value of the term D,y - Dynin depends on the
input combinations and it can only be estimated by simulations. The wave pipeline
CMAC has 4 inputs of 8 bits and there is a total of 2°% (4.3x10%) possible input
combinations, which cannot all be simulated for obvious reasons. Therefore, the
minimum clock period is estimated based on the observation of a few hundreds input
combinations, and a safety margin of 5% is added to the measured time interval for a
proper operation of the circuit. In the NPCPL wave pipelined CMAC, the term Dy -
D,in 18 of approximately 840 ps, and the value of T, + T}, is equal to 200 ps. If we recall

equation (2.17), the theoretical minimum clock périod can be expressed as

T > Dy — Doy )+ Ts + Ty +2X A -

By replacing the variables by their actual value, we obtain a minimum clock period of
1.1 ns + 2 x ACLK, resulting in a maximal frequency of approximately 900 MHz. Note

that this value takes intd account the 5% of uncertainty on the term D4y - Dyin.
This equation has been used to determine the maximal operating frequency of the

wave pipelined CMACs as presented in Table 4.2, considering a safety margin of 5%.

The results were also confirmed by simulations. The number of waves is calculated by
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counting the number of clock cycles between some given inputs and their expected

outputs. It can also be estimated by the product Latency x Frequency.

Implementation | Frequency | Latency | Dy Power Number of Number of
method (MHz) (ns) -Dyin | consumption* waves transistors
(ps) (mW)
NPCPL 830 4.4 840 23 4 14 800
(wave pipeline)
CPL-TG 770 4.0 887 72 3 22 220
(wave pipeline)

* Power consumption measurements correspond to rough order of magnitude estimates using
HSPICE™.

Table 4.2 Performance of the wave pipelined CMACs (extracted schematic)

It is observed in simulation that the wave pipeline circuits cannot operate properly
at the theoretical frequency; the circuits are slowed down by the different uncertainties,
including the term 2 x Acyx of (2.17). Surprisingly, the latency and the frequency of the
NPCPL CMAC are greater than those of the CPL-TG circuit; these results seem to be in
contradiction with section 4.2 (see Figure 4.5). However, they can still be explained
’ analytically. The difference in the term D, — Dyin can be explained by the broader range
of input capacitances in the CPL-TG circuit. Globally, the currents in the two circuits are
similar because of indentical inverter sizing. Nevertheless, at some point in the circuit,
some parallel gates (at the same logic depth) sometimes have a different fanQut.
Depending on what input the signal is connected, the capacitance can consist of either a
drain or a gate as illustrated in Figure 4.6. Thus, the impact of the fanout difference is
doubled in the CPL-TG circuit, eliminating the advantage of the CMOS switches. On the
other hand, the latency difference can be explained by the distribution of the NPCPL
delays. Even if the average propagation delay is smaller for the NPCPL library, some
trénsition patterns are probably not likely to occur at the different nodes inside the circuit,

so that only the greatest propagation delays remain.
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The CPL-TG CMAC dissipates more power. If we run the two circuits at the same
frequency, the CPL-TG CMAC dissipates approximately three times of power compared
to that of the NPCPL circuit.

There are three contributions to this increase of the power consumption:
1) The capacitance in the circuit is increased significantly by
replacing the NMOS pass transistors by CMOS ones,
ii) The voltage swing at most of the internal node has doubled, from
09Vitol8V.
ili)  The short circuit currents may be raised because of the longer rise
time and/or fall time at some circuit nodes, due to more

capacitance.

The power consumption due to switching can be written as

2
peyi=vxL oy &) _CxXV
AT AT AT

(4.1)

In comparison with the NPCPL CMAC, the capacitance in the CPL-TG circuit has
doubled in 50% of the nodes, while the voltage swing has doubled in 50% of the nodes.
From a power perspective, the increase of the Volt‘age swing has more impact since it is a
quadratic function. The increase of the short circuit currents occurs in 50% of the
branches. It is important to mention that all three contributions should be weighted by
the switching activity factor at different nodes. The combination of these three
contributions is causing the increase of the power dissipation in the CPL-TG circuit.

Thus, the NPCPL CMAC has been chosen for the fabrication of the prototype chip.
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4.4 Comparison with Existing Designs of Arithmetic Units

It is at the author’s knowledge the first time that a wave pipelined CMAC is
implemented in ASIC. The wave pipelined circuit (NPCPL) is compared to another
32x16 (conventional pipeline) MAC reported in [23]. This is a fair comparison because
the implementation technologies and the supply voltages are similar for the two designs.
Considering that there is only one 32x 16 multiplier in [23], it seems that their area is
more important than ours in proportion. The wave pipeline method also has a speed

advantage, considering that three stages of pipeline were necessary to implement the

MAC in [23].

Design Function Number of Frequency Supply Technology
Transistors [MHZz] Voltage [V]
[23] MAC 41 121 | 300 1.5 Conventional
32x16 or pipeline
24x24 ASIC—-0.15 pm
Proposed CMAC 29 600 830 1.8 Wave pipeline
CMAC | 4x(8x8) ASIC - 0.18 pm
(NPCPL) '
Table 4.3 Comparison of the simulation results of existing designs of high-speed

arithmetic units.

4.5 Multipath Searcher Performances

From system level considerations, the proposed implementation requires a speed
of 292x10° CMAC cycles per second. Therefore, a single wave pipeline CMAC can
handle the task. Table 4.4 summarizes the characteristics of the proposed multipath
searcher in comparisbn with another implementation found in the literature [4]. As
illustrated in the table, the high-speed processing improves the two most important
metrics of the multipath searcher, the resolution and the acquisition time, while reducing
the number of CMACs necessary to perform the calculations. In the table, it is observed
that the acquisition time of the proposed searcher is of 20 slots instead of 15 as stated in

section 3.1. This value is obtained because a period of 5 slots is necessary to store the
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incoming signal r[xn] in memory. The speed of 350 MHz allows for some time guards

between the different verification steps, so that the control logic has time to process the
candidates. In the table, the power consumption and the number of logic gates are flagged
with a star (*) to indicate that they correspond to some rough order of magnitude
estimates. It is important to mention that these two metrics are for the complete searcher
unit in [4], as opposed to the CMAC only for the proposed design. The resolution and the
acquisition time of the multipath searcher have been improved at the cost of more
calculation (x5) in the proposed design. However, only one CMAC operating at 350
MHz is needed, instead of 12 CMACs operating at 3.84 MHz in the existing
implementation. In order to meet the specifications of the proposed multipath searcher
with a processing rate of 3.84 MHz, 77 CMACs would be required resulting in an

increased gate count and power consumption.

Comparison criterions Existing Implementation Proposed design
[4]
Acquisition time 50 ms (75 slots) ~ 13.3 ms (20 slots)
Resolution of the searcher Y2 chip Y4 chip
Number of CMAC 12 1
Complex MAC cycles/sec 61x10° 292x10°
Processing rate 3.84 MHz 350 MHz
Number of logic gates* 150 000 CMOS gates 3 700 NPCPL gates
Power consumption* 6.6 mW 12 mW
Input word length 6 bits 8 bits

* Rough order of magnitude estimates.

Table 4.4 Comparison of the proposed multipath searcher with an

existing implementation.

The power consumption of the CMAC in Table 4.4 corresponds to a projection of
what it should be at 350 MHz, considering the parasitic capacitances. Some more
accurate measurements will be available after the hardware testing of the prototype chip
(to be done later). Figure 4.7 presents a picture of the final layout of the CMAC made of
the NPCPL standard cells.
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Figure 4.7 CMAC layout with I/O ring.

4.6 Summary

The performances of the multipath searcher have been presented in this section.
The proposed multipath searcher has a reduced acquisitioh time and an improved
resolution in comparison with an existing implementation. It also presents low
misdetection and false alarm probabilities for the test cases recommended by the 3GPP

standard, demonstrating the effectiveness of proposed detection method.

The simulation results demonstrate that the CMAC performances are degraded in
terms of frequency and power when using the CPL-TG logic; which is against our
expectations. As a guideline for future wave pipeline designs, it should be remembered
that the equalization of the output load on the cells is more important than the individual
propagation delays of the gates. For obvious reasons, the NPCPL logic was chosen for
the fabrication of the prototype chip. The speed requirement of the proposed multipath
searcher is of 350 MHz, and one NPCPL CMAC is fast enough to handle the

calculations.
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5 Conclusion

5.1 Concluding Remarks

In this thesis, the design of a multipath searcher having a short acquisition time
and a high resolution has been proposed. This searcher circuit is to implement a double-
dwell algorithm that includes a verification stage to reduce the rate of false alarm. The
computation procedure of the algorithm is made to be performed during a short period to
improve the quality of search. In order to implement the algorithm without increasing the
hardware complexity, the multipath searcher has only one CMAC cell to perform the
computation tasks. It is designed to operate at a high speed in order to complete the
searching procedure according to the time limit of the search period. The wave pipeline

technique has been used for the development of this CMAC cell.

Two libraries of standard cells have been developed using the NPCPL and the
CPL-TG logics. The structures of the arithmeticr units have been chosen carefully to
comply with the precision requirement of the system model while meeting the fan-in/fan-
out constraints of the NPCPL and the CPL-TG logics. Simulation results show that the
NPCPL CMAC offers better performances in terms of speed and power consumption.
The increase of the capacitance in the CPL-TG CMAC is responsible for the
performances degradation of that cifcuit. The speed of 830 MHz offered by the NPCPL
CMAC is sufficient to handle the calculations of the proposed searcher. The layout of the
adders, multipliers and CMAC have been full-custom designed using the NPCPL
standard cells. Globally, only one wave pipelined CMAC is needed in the multipath
searcher, resulting in a low hardware complexity. A test chip has been fabricated in a

CMOS 0.18 pm process. The chip test is currently in process.
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5.2  Future Work

The 3GPP is also planning the Long Term Evolution (LTE) of the third
generation to ensure the competitiveness of this technology over the next decades. It has
been established that the fourth generation (4G) of cellular will be based on Multiple-
inputs and Multiple-outputs (MIMO), where many antennas will be used for transmission
and reception [45]. In MIMO systems, one multipath searcher will be required per
receive antenna. Therefore, the need for correlations as well as other complex arithmetic
operations will be duplicated, and the wave pipeline CMAC could be used to perform the
calculations of different units. Some future work could target the implementation of a

MIMO receiver based on high-speed processing.

Some other future investigations could be related to the scalability of the wave
pipeline method to larger systems. In general, as the logic depth increases, the
accumulation of the incertitude on the propagation delays affects the performances of the
circuit. The major concern is whether wave pipelining should only be applied at the
module level (e.g. multiplier, RAM) or if it can be applied to large-scale systems. In the
case where only the bottlenecks are wave pipelined, conventional registers act as
bondaries and the rest of the system view the wave pipelined blocks as synchronous
modules. For such hybrid circuits, wave pipelining must also be applied on the clock tree
in the rest of the circuit for a proper operation. The mix of both approaches is probably
one of the solutions for the development of a wave pipelined System on Chip (SOC).
Howéver, the implementation of such a system.wo.uld require a high level of expertise as
well as a long design cycle. Scalibility can only be obtained with the automation of the
design process. Even though a few optimization tools and algorithms have been presented
in the literature ([46], [47], [48], [49], [50], [51]), they only target specific problems. An
automated design flow that takes as input some high level specifications and that
produces some performant layouts is needed. All aspects of VLSI design including logic
gates delays, architectures, logic synthesis, placement, routing and parasitic effects must
be incorporated into a global view of the problem. Some design methodologies could be

studied as part of future investigations.
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ASIC PINOUT

Signal — pin number

A0-73 D0O-7 Q19-96
Al —44 D1-8 Q20-119
A2 —45 D2 -79 Q21 -120
A3 - 46 D3 - 80
Ad-47 D4 — 81 VDD1 (Core) ~ 43, 85
AS—171 D5 — 82 VSS1 (Core) — 48, 88
A6-70 D6 — 83 '
A7 -T2 D7 — 84 : VDD2 (Pads) - 33, 93
VSS2 (Pads) — 38, 98
BO - 73 QO -42
Bl -22 Q1 -41 RST - 59
B2 - 21 Q2-40 RST_INV — 60
B3-20 QB -39 |
B4—19 Q437 » SAMP_OUTPUT - 86
B5— 18 Q5 -36 SAMP_OUT _INV - 87
B6-16 Q6-6 |
B7—15 Q7-4 CLK — 69
Q8 -3

CoO-14 Q-2
o112 Q10-116
o 75 Q11-117
C3— 76 Q12105
C4—77 Q13- 104
c5 11 Q14 -102
C6— 10 Q15-101
c1oo Q16 —100

Q17-99

Q18 -97
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