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1. ABSTRACT

Spread spectrum systems & being widely
deployed today and ae becoming moe preva-
lent as most next-generation wieless systems
are adopting it for their common air interface.
These systems include the digital cellular IS-
95A/B/C, IEEE 802.11 wieless local aea net-
works, as well as third-generation wideband
code-dvision multiple access systems. In
spread-spectrum systems, theecever must
synchronize on to the transmitted pseudo-noise
(PN) code to obtain the impovement perfor-
mance achieed through sprading Since PN
acquisition must process the sprad-spectrum
signal at a speed much faster than the trans-
mitted data rate, its enegy consumption can
become significant and should be minimized
for portable applications. Typically, either
matched filters or serial correlators are used to
acquire the PN code timing This paper
describes a lgbrid PN acquisition architecture
which employs both matched filters and serial
correlators to achieve a lover energy consump-
tion and fast acquisition time as compagd to
the traditional approaches of using either
matched filters or serial correlators alone. The
hybrid ar chitecture has been implemented in
RTL VHDL and synthesized dowvn to gate level
in 0.5-micron CMOS library. Synthesis esults
show a factor of four reduction in enegy for
the hybrid scheme as compagd to the matched
filters architecture and a factor of two reduc-
tion in energy as compaed to the serial achi-
tecture.
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2. INTRODUCTION

Today wireless systems based on spread-spectrum are
growing rapidly These systems include the 1S-95 digital
cellular system, IEEE 802.11 wireless local area astsy
(WLAN), and the net generation wideband codeviion
multiple access (WCDMA) systems. Spread-spectrum
transmission technique empia pseudo-noise (PN) code
to spread the user data to a much wider transmission
bandwidth to impree link quality In all of these systems,
the portable déce must synchronize the regeil PN code

to a locally generated code in order to demodulate the
transmitted data. This essential function is performed by the
PN acquisition circuits residing in the digital re@i The

PN acquisition circuits process the spread-spectrum signal
at a speed muctaster than the transmitted data rate. As a
consequence, acquisition eggrconsumption can become
significant and should be minimized for portable
applications. Furthermore, PN acquisition introduces
system werhead such as call-setup delay in circuit-
switched netwrks and increased paatkheader size for
paclet-switched netarks. 1o reduce thewerhead, the time
needed to acquire the PN should be made as short as
possible.

To modulate a spread-spectrum signal, data bits are
multiplied with a wideband periodic PN sequence (or code),
that is the PN sequence is cledkat a muchafster rate than

the data rate. Such sequences are usually binary and each
binary bit in the sequence is callectldp. A sequence of
these chips ordered in a pseudo-random mannes ghe

PN codes noise-likcharacteristics, hence the ngmseudo-

noise Each data bit is spreadvey that length and the
sequence length is often referred to as the processing g

Since the chip sequence is periodic, its timing can be
detected by the reaadr through a correlation process with
respect to a locally generated PN code. The PN acquisition
loop performs the correlation to estimate the phase delay
introduced by the channel on the transmitted PN code. The
locally generated PN code is then realigned to eliminate the
timing offset introduced by the channel. The correlation
process ¥ploits the autocorrelation property of the PN
code, which displays a periodic peak with a period equal to
that of the PN code. The PN acquisition loop detects the
autocorrelation peak, and thus the code phase ,dejay
using a threshold to distinguish between the peak and the
sidelobes present in the autocorrelation. The vecdhen



demodulates the data bits by multiplying the resei carrier phase is unkmm prior to PN acquisition, theybrid
sequence with the locally generated sequence that has beatesign uses a noncoherent reeeiThe noncoherent design
time aligned by the PN acquisition circuits. requires an In-phase (l) and a Quadrature (Q) channel, thus
the matched filters and serial correlators are instantiated
once for each | and Q channel. The autocorrelatalnes

from noncoherent detection are combined using a square-
law ervelope detector

To compute the autocorrelation function, either matched
filters [3] or serial correlators [1] can be used. The matched
filters compute &lues for the autocorrelation function after
each chip duration while serial correlators producalaey
after each period of a data bit. Since a chip duration is muchDue to the presence of noise aadifig in the channel, an
shorter than a data bit duration, the matched filters computeestimate of the PN code phase based on one period of the
the autocorrelation alues much dster than serial autocorrelation is usually unreliableorFbetter acquisition
correlators. Consequentlthe acquisition time, the amount performance, a double dwell scheme, where each dwell
of time it tales to find the autocorrelation peak and thus therefers to each estimation stage, is preferregl @ single
alignment of PN sequences, is much shorter for a matchedlwell scheme [5]. The second dwell is wated after the
filter design than serial. kaever, a matched filter design first dwell has made an estimate on the autocorrelation peak.
requires significantly higher compiéy and paver than a  The second dwell thervarages the autocorrelatioalues
serial correlator at the estimated code phasesomaty PN code periods.
From Figure 1, we can see that the second dwelages

the \alue of the squareva ervelope detector output
whereas the first dwell performs nwesaging on the
ervelope alue. This additionaleraging maks the second
Awell estimate much more reliable than that of the first

' dwell. The first dwell, havever, is made shorter to impre

the acquisition time.

This paper describes a/ffrid PN acquisition architecture
which emplgs both a matched filter and a serial correlator
to achi#e a tw to four fold reduction in engy
consumption as compared to traditional approaches using
matched filter [3] or serial correlator alone [1]. In addition
the tybrid design achies the lav enegy performance
without sacrificing the acquisition time, which remains
equal to that of matched filters. The rest of the paper isThe key to low enegy dissipation in theybrid architecture
organized as follws. Section 3 describes theyhnid is to use lav power serial correlators during the second
architecture. Section 4 she detailed analysis in the dwell while during the first dwell the higherywer matched
amount of engyy reduction attainable through the proposed filters are used so that ast acquisition time can be
architecture. Section 5 she the simulation results based maintained. In contrast, in the matched filters only
on a synthesized VHDL design using a 0.5-micron CMOS approach, the filters are also used for the second dwell.

library. Since the second dweNe@rages the autocorrelatioalue at
a single code phasever mary bits, the matched filters
3. HYBRID ARCHITECTURE dissipate more engy than necessaryln the serial

Figure 1 shas the lybrid PN acquisition architecture that correlators only approach, eachlue of the autocorrelation
employs both matched filters and serial correlators. Becausefunction is computed at the data rate, which is muahesio

first dwell
- > <€ second dwell >

matched filters

\ enable o ___________ .
Mmoo == detector circuits

| —o—> L and acquisition !
4 v"“' '8: control :

L] . |

|

|

FS.M. f—> LOCK

Figure 1. Hybrid PN Acquisition Architecture



compared to the chipping rate that the matched filters=—— it N i
operate at. Therefore, the serial correlatorehmlong PN Tacq, k and Py(t) .aré th? verage écqwsmon t|rT1e and the
acquisiton time 'een though thg are lav power average pwer dissipation function of architecturk,

components. respectiely.
One of tvp algorithms can be chosen to detect the results ofSince paver dissipation for serial and matched filter
the autocorrelation function in the first dwell of thgbhd architectures is nearly constant for the entire PN acquisition

or matched filters architecture. One method is to find theduration, their eerage engy dissipation can be simplified
first value of the autocorrelation function that appears at thetO
comparator which >e¢eeds the preset threshold. Another R

method is to find the sample that is the maximuue in Ex = PiTacq k » k = serial (ser), matoed filter (MF) (4)
one period of the autocorrelation function. This paper i i o
assumes that the latter method is adopted. For the lybrid architecture, thevarage engy dissipation is

o _ _ ) ~different at each dwell stage of the acquisition process, thus
A prerequisite for the ybrid architecture is that the serial

correlator should be equalent to a matched filter so thatit ~ Epyprig = Pygl(Total First Dwell Timg) + LT ] (5)
can be substituted during the second dwell. A digital + P, [ Total Second Dwell Timg
matched filter output with an impulse response

h(n) = ¢(N=n), wherec(n) are the filter coditients, is ~ WhereL is the processingain in number of chips anf}, is

described belw; one chip duration. The additionarl; term added to the first
dwell length in (5) represents an assumeetioead used by
1 n the matched filters for the first dwell. Thigseshead is an
y(n) = N > x(Kje(k—n+N) 1) assumption that the implementation of a double dwell PN
k=n-N+1 acquisition loop requires additional time to switch from the

first to the second dwell stage.
wherex(k) are the input samples. Wheg(n) is sampled at g

integer multiples of N, the outputs are identical to that of a In order to find the engy dissipation, the \erage
serial correlator which dump outputs at the correct phase. IrAcquisition time must be kmm. Under the assumption of

other vords atn = N, high SNR, T ¢4 ser = Tllé +1, [2][1], whereT; andt; are

N the first and second dwell durations. On the other hand, the
> x(k)e(k). (2) hybrid and the matched filter architectures yield
k=1 Tacq, hybrid = (Tl + LTC) + 1 [5][2] With Tacq, hybrid

Equation (2) is, by definition, the operations performed by aknown, (5) is epressed as
serial correlator Realizing the equalence of a serial
correlator to sampled outputs of a matched filteg can Enyorid = Pmp(Ty+LTo) +Pge Ty (6)
replace the matched filters’ operations by serial correlators
during the second dwell. By doing so, the highweo  The matched filter architecture prdes fster acquisition
dissipation of the matched filters is minimized. Tlyerid, than the serial method by sacrificing more comipteand
though, still taks adantage of the dst acquisition  higher pover dissipation. & compare engy dissipation of
performance of the matched filters by enypig them for these tw architectures, we deg expressions for the ratio
the first dwell to maintain a high verall system  of their aerage engy dissipations. The ratio ofvarage
performance. The mésection describes the analysis on the enegy dissipation of the serial PN acquisition loop to the
amount of engy reduction that can be achéel with the  matched filter design is
hybrid architecture.

Zl=

y(N) =

Eser _ ((L/Z)T1+T2)Pser 7

4. ANALYTICAL ENERGY EXPRESSIONS Eye (T LT 7T,)Pyr )
o . T
Enegy dissipation is defined & = .[o P(t)dt whereP(t) (7) can be simplified further by using the foliag
is the paever dissipation function. Theverage engy substitutions. Let
dissipation in the PN acquisition loops can be found by _
integrating the aerage pwer dissipation function to the Pme = Pother * Prilters (8)
average acquisition time. P.. ~LP
filters cors
— Tacq,k P :Pth +P
Ek = J’O Pk(t)dt (3) ser other cors

_ _ _ where Pgher iS the pawver consumption for the squarer
where k = serial (ser), matched filter (MF), owybid, circuits, the second dwell accumulattite comparatothe



muxes, and the state machine summed togetisendicated
in Figure 1,P.o is the paver for the | and Q channel

correlators as s in Figure 1, andss iS the paver for
the | and Q channel matched filters. Due to the circuitry

Once agin, substituting (8) and (9) into (12), we aerat
Enybrid Ky+1

Large L, .
E,\,IF K1+K2+l

(13)

similarities between a correlator and a tap in the matched

filter, Pgiers=LPeors IS @ suficient assumption for
analysis. Moreeer, we can also let

9)

T
T

K, LT,
KoLT,

whereK; andK, are the number of bits used in the first and
second dwell, respeutily. K; andK, are usually constant

as processingain changes. Substituting (8) and (9) into (7),
we arrive at

Eer _ (Ky/2+K,/L)P

T (K +Ky+1)(Pey, +P

cor

ser

(10)

EMF other/L)

Since hardware complgity and acquisition time are
significant for lage processingains, which are often used
in practical applications, the eggrratio for lage L is of
interest to obsern:
Eser I:)serKl
EMF 2(:I"H<l-"K2)I:)cors

— (1+ Pother/Pcors)Kl

2(1+K;+K))

Large L,

(11)

In order to preent frequent dlse alarms during PN
acquisition, the second dwell lengky, is alays much

larger tharkK [5]. To satisfy the condition tha€, » K, [5],
we choose an inger such thak, is at least ten timek, .
For implementation corenience, we seK, = 16 and

K, =1 which are intger pavers of base 2. From the

architecture diagram in Figure 1, we estimate that the
compleity of other circuits is about three timesdar than

the correlators alone. Then settirg,,.,/P = 3,
Ky=1 K, =16, (11) that
Eser/Emp » 179, that is the matched filter architecture
consumes 9 times more eggthan the serial architecture.

The tybrid method, on the other hand, is designed to
acquire just as quickly as the matched filters’ architecture
but dissipates less emgr The e&pression for the engy
ratio of the lybrid design to the matched filters’ architecture
is shavn belaw.

cors

and indicates

(Tl + LTc) PMF + TZpser
(T, +LT .+ 1,)PyE
T1 + LTc + (szser)/PMF

T +LT . +T1,

Enybrid _
Emr

(12)

(13) shevs that matched filter architecture willwalys
dissipate more engy than the wibrid method becausk,
is aways positte. For example, usingK; = 1 and
K, = 16, (13) reduces t(’Ehybrid/E,\,IF - 1/9. We will

see in simulations thatven though an ideal gimgs of 9
times more engy is not achieed, a significant engy
savings can still be attained by using thghd architecture.

The enegy ratio betweenybrid and serial architecture is

E ((L/72)T  +1,)P

ser — ser
Enyoria (T3 FLT)Pye + TP

(14)

ser

By substituting (8) and (9) into (14) and settigto one bit
duration, (14) simplifies to

P
LargelL, =LA (15)
Ehybrid 4Pcors
Assuming thatP ../ P.os = 3 and using results from

(8), Eger/ Ehybrid - 1. That means theybrid architecture

only dissipates as much eggras a serial correlator design
but its acquisition time is as short as that of matched filters.
As we will see from layout simulations, the ratio

Ecer”/ Ehybrid will actually be greater than one.

5. SIMULATED ENERGY RESULTS
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Figure 2. Fixed Point Simulations

(chip to noise ratio = -5 dB,L=31)

To simulate the \&rage pwer dissipation at the
implementation Ieel, the lus width of the datapaths must
be determined. Moreer, circuit compleity and paver
dissipation depends on the number of input bits. This is



especially true for the matched filters whiclvéanary taps analytical enagy dissipation results.

and increasing the inputub width by gen one bit will . .

affect all the taps and thus the total comiife Because -2 Simulation Results

quantization is a nonlinear process, we rely on systemTo find the engy dissipation through estimatedeaage
simulations to determine the minimum number of input bits powver consumption, we usEpoch™ to estimate poer
required for comparable performance to a non-quantizedfrom layout results. The parameters used to estimate the
architecture. Fied point simulations in Figure 2 indicates power dissipation are set as falls: clock frequengis 20

that using a 4 bit inputus will yield both adequate MHz, the inputs are assumed to switch warg other clock
acquisition time and BER. The quantization constraints onedge, and the maximum supplgltage drop is 0.15alts.

other internal datapaths are indicated in Figure 1. Table 2 shws the estimated peer dissipation results. Each
. power estimate is inclugé of components for both the | and
5.1 VHDL Implementation Q channel. Because the entire matched filter is enatbed e

The RTL VHDL describing the fibrid PN acquisition loop  for |ower processingajns, there is only one per estimate
is optimized in Synopsys and synthesized to a HP QrB for Pfijters:

CMOS technologyThe optimized netlist is then fed into the

Epod compiler to produce an IC layout. In addition, Table 2: Estimated Rwer
power estimation is also performed usiigpod] after
layout is completed. The design process isvshim Figure Peors Prilters Pser Pother
3 and the resulting IC performance is summarizedainer
1. 1.867 mW | 89.716 mW| 157 mwW | 13.83 mW
Table 1: Design Characteristics With the pover consumption of the matched filter and serial
correlator modules, we can calculate and plot theggner
Clock rate 20 MHz dissipation for diflerent architectures amst processing
vdd 3.3 \blts gain. Using equations (4) and (5), and settigglL T, and
' 1,=16LT. (same parameters as analysis), thexage engy
Area 4.8mm x 5.1 mm dissipation ersus processingad is plotted in Figure 4.
No. of Gates 39,000
The final layout of the PN acquisition loop isgeted for 20 -
MHz operation. A pipeline is inserted in thevelope . | ]
detector circuitryas shwn in Figure 1 to meet the 50 ns &
clock g/cle constraint. The matched filters were synthesized 3
with 126 taps bt when selected for \eer processing ajns =
all of the 126 taps are still enablegea though some taps ?
are not used for actual computations atdp processing W
gains. In general, the unused taps may be turrfed cbve Elo F ]
even more pwer. In pover simulations, we assume 1 8
sample/chip operation so that we can compare to the?
Design Constraints
(Area, Speed) i *~— Hybrid
10 ‘ : ‘

12 14 20 22

16 18
Processing Gain (dB)
Figure 4. Acquisition Energy

Y

Netlist Optimization Technology
Compiler (Synopsys@® Library Figure 4 shws that by gtrap_olating the engy dissipatic_)n _
Hp for the serial and matched filter architectures, the serial will
* \0'5“”1 actually dissipate more emgr than the matched filter at

- much higher processingips. This result does not matched
Layout Compile the epression found in (11) because we assumed that

(Epocth™) - Ptiters = LP and P /P = 3 in analysis.

cors other” ' cors
* Simulation results actually siathatP ;o s = 40P, s

Layout File L = 126 andP o/ Peors= 7 The discreparnchbetween

(CIF or GDSII) Priters @and simulated alue is caused by additional circuitry

in each correlator as compared to a tap in the.fifer
Figure 3. Synthesis Methodology example, each correlator contains dumpisters and

for




counters to &ep track of the dump inteads, which are not
parts of a tap in the filters. In the result fBginep
implementation includes the clockiftering into the other
circuits. From architecture diagram alone, analysis didn’
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Analytical approximation from (13) indicates a maximum
enegy saings of 9 times wer the matched filter
architecture with the same dwell parameters. This
discrepang is the result of the approximation made in

equation (8) wherePy; ;o s = LP.o - The simulation

results in @ble 2 only indicate aattor of 40 forL = 126,
hence the simulation results sha factor of 4 saings in
enegy consumption by using ybrid architecture wer
matched filters.

Another interesting result is that the serial correlator method
consumes more ergyr per acquisition as compared to the
hybrid architecture when processingimg is oer 14 dB.
This phenomenon can bexpained by substituting

Pser = 8P¢q; s iNto equation (16). In this case,
Eser
LargelL, -2 (16)
Enybrid

Analytical results yielded an emgr ratio of 1 because

Pother” Peors 1S @about twice as small as whaaswobtained

from simulations. Simulation results in Figure 4whdhat
at 21 dB processingagn, a &irly large L, the serial
architecture indeed dissipates aboub times more engy
than the kibrid architecture.

6. CONCLUSION

We've derved analytical gpressions for the ratios of eggr
dissipation for the diérent architectures. Analytical results
indicate that laver enegy dissipation is achied by using
the tybrid method rather than the matched filter scheme.
The hybrid PN acquisition architecture yields four times
lower enegy dissipation than matched filter based designs
and it also dissipates less emethan the serial correlator
architecture when the processirgjrgis greater than 14 dB.
By realizing that in the second dwell stage of PN
acquisition, sampled matched filter outputs arevedgmt to
serial correlator dump outputs, thgbhid method can be
exploited to achiee lowver enegy dissipation than the
designs in which either the matched filter or the serial
correlator is used. Morger, the lybrid architecture also
provides fist PN acquisition eqealent to that of matched
filters kut without aly power penalty Simulation results
from actual layouts confirm these conclusions.

[1] C. Deng and C. Chien, “Interference-RebSerial

Dual-Path Threshold Referenced Architecture for PN
Acquisition”, IEEE GlobeCOM Sydng, Australia,
Nov. 1998.

J.K. Holmes and C.C. CherAcquisition Time Perfor-
mance of PN Spread-Spectrum SysterfSEE Trans-

actions on Communicationgol. COM-25, No. 8, Aug.
1977.

B.B. Ibrahim and A.H. Aghami, “Direct Sequence
Spread Spectrum Code Acquisition in Mobikdihg
Channel Using Matched Filter ithl Reference Filter-
ing”, IEEE Global Elecommunications Confaice
Vol. 2, 1993, pp. 1085-9.

Proakis J.G.Digital Communication$rd ed.,
McGraw-Hill Inc., New York, 1995.

Simon M.K., Omura J.K., Scholtz R.A., \i& B.K.,
Spiead Spectrum Communications Handhook
McGraw-Hill Inc., New York, 1994.



	Main Page
	ISLPED'99
	Front Matter
	Table of Contents
	Session Index
	Author Index


