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The Effect of Automatic Gain Control on Serial,
Matched-Filter Acquisition in Direct-Sequence
Packet Radio Communications
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Abstract—The performance of a noncoherent serial acquisition two stages: acquisition and tracking [4]. Taeriori timing un-
technique is evaluated for direct-sequence spread-spectrum packet certainty of the arriving signal may be very large, and the acqui-
communications. The acquisition technique that is considered sition stage is intended to obtain coarse alignment between the

uses threshold crossing of a matched-filter output to detect a | | dth fth A . 1151 A
fixed-length preamble at the start of each packet. The analysis '0C& S€guence and the sequence of the arriving signa [5]. Ac-

accounts for frequency mismatch between the transmitter and guisition can be the limiting factor in the performance of a DS
the receiver due to oscillator inaccuracies and mobility-induced spread-spectrum multiple-access communications system [6],
Doppler shifts. It also accounts for the effects of automatic gain and the choice of acquisition technique is critical to achieving
control (AGC) in the receiver. The role of the AGC system in 4ccentable performance in a DS system employing random-ac-
determining the acquisition performance is examined. In addition, ket radi icati Itis the desi d f
selection of the optimal acquisition threshold is considered, and cess packet radio _Cc_)mmun'ca lons. 1tis the es!gn an per or-
a simple method for selection of a good suboptimal threshold Mance of the acquisition stage for DS packet radio communica-
is presented. It is shown that use of this threshold results in tions that we consider in this paper.

performance close to that obtained with the optimal threshold A number of techniques have been proposed for serial acqui-

over a wide range of channels. sition of a DS signal. (See [4] for an overview.) Some techniques
Index Terms—Packet radio, pseudonoise coded communication, employ an active, programmable correlator that is used to test
radio receivers, synchronization. sequentially for possible signal delays [5]. Active-correlation

techniques are attractive because of their simple implementa-
tion, but they often require observation of the signal for a rela-
tively long period of time in order to acquire the signal. Thus,
D IRECT-sequence (DS) spread-spectrum modulation hggy are well suited for use in a connection-oriented system in
found widespread application in both commercial angich the data signal or a pilot signal is present continuously
military communications because of the unique combination g{er an extended period of time. But they are ill suited for use
multiple-access capability, multipath-discrimination capabilityyith ps packet radio communications in which each packet
and anti-jam capability that it provides. It is employed currently, st pe acquired only from observation of a short acquisition
in cellular code-division multiple-access (CDMA) networkgyreamble. Instead, acquisition techniques that employ a passive
[1] and personal-communication networks, and it has been pffyer that is matched to the sequence in the acquisition preamble
posed for use in tactical radio networks for the military [2]. Thﬁ], [8] are better suited to DS packet radio communications. It
increase in data traffic in cellular networks motivates the us€ine |atter technique that is considered here.
of random-access packet data communications on the reversg, tnis paper, we analyze the performance of a noncoherent
link of a CDMA network, and packet radio communicationgerial acquisition technique for use in DS packet radio commu-
is necessary to achieve robustness in a DS distributed, tactigghtions. Passive in-phase and quadrature filters are matched to
military network. the spreading sequence used in the acquisition preamble of the
Successful reception of a DS packet transmission requiigsnsmitted packet. Each square-law output of the noncoherent
that the receiver synchronize the spreading sequence [3] of figector is compared to a threshold to detect synchronization
arriving packet with a locally generated copy of the same Sgjth the received signal. In a mobile environment, the power in
guence. The process of synchronization is usually performediis signal can vary over a large range at the receiver, and the
receiver must employ gain control to ensure acceptable perfor-
mance of its subsystems. The analysis presented here accounts
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shift on the performance of DS acquisition. But they do not comvaveform«(¢) is time limited to [Q 7.). From the definition
sider matched-filter acquisition, and they do not account for thé s(¢) andc(¢), it follows that
effects of gain control in the receiver. T

This paper is organized as follows. In Section Il, the trans- EN lp(t)|? dt = 1. 2)
mitted signal, the channel, the AGC system, and the acquisition T. Ji=o

stage are described. The relationship among the spectrum of th;i ot loss of generality, the transmitted signal is assumed
DS signal, the transfer function of the bandpass filter, and the {§-5rive unattenuated and undelayed at the receiver over an ad-
sponse of the AGC system is considered in Section I1l. An an{zie white Gaussian noise channel. As a result of oscillator in-
ysis of the performance of the serial, matched-filter acquisitiofyc racies and the mobility of the transmitter and the receiver,
technique is presented in Section IV. The effect of the banlig receiver-generated reference frequeficgan differ from

pass filter and AGC system on acquisition performance is & carrier frequency of the received signal. The difference, de-
amined in Section V, and some surprising behavior is reveal%edfw is assumed to be constant over the duration of the pre-

In Section VI, selection of the optimal acquisition threshold i§ypie. Thus the received signal voltage into a nomir@lidad
addressed, and a simple method for finding a good suboptir’f@biven by

threshold is developed. The performance resulting from the use
of this threshold is compared with the performance resulting () = V2 Re {;(t)cj@wfﬂ)} ©)
from the use of the optimal threshold.
where

Il. SYSTEM DESCRIPTION #(t) = 3(t)e2 et 4 () 4)

A. Transmitted Signal and Received Signal anddy is a constant. The complex-valued, baseband-equivalent
The packet transmission employs DS spread-spectrum modhite-Gaussian-noise voltage procéss) has two-sided power

lation and consists of an acquisition preamble of ledgtihips  spectral densityVy, so that the power spectral densityNg /2
followed by the packet's data content. The preamble is trarig-each of its real and imaginary parts. The dimensionless (nor-
mitted during the time interval [0MT7.), and the data contentis malized)Doppler shiftof the received signal is defined as
transmitted during the time interveaW 7., (M + L)1), where
T. is the duration of a chip in the DS spread-spectrum wave- Dy, = f4T..
form. The transmission voltage into a nomindllead is given

by B. Receiver Architecture

crN (27 fut A typical heterodyne receiver consists of a radio-frequency
s(t) = V2Re {S(t)d( ! )} (RF) stage that first amplifies and then converts the received
signal to an intermediate frequency (IF), an IF bandpassfilter, an
AGC system, an analog-to-digital (A/D) converter, demodula-
tion to baseband, and subsequent digital signal processing [12].
5(t) = \/ﬁc(t) [pyr, (1) + d()prr (t — MT,)] (1) Insome heterodyne receivers, the order of the A/D conversion
and the mixing to baseband are reversed. In either case, the AGC
f.isthe carrier frequency at the transmittBiis the power inthe System serves to maintain the proper voltage range at the input
transmitted signal during the preambpg,(t) is the unit-height 10 the A/D converter, and it may also be used with a feedback
rectangular pulse over [@’), andd(t) is the signal representing loop to ensure that the RF-stage amplifier does not drive the RF
the data content of the packet. The specific formai(ef is not mixer into compression. The IF filter rejects out-of-band noise

where

relevant to the development in this paper. power before the AGC system and can serve as an anti-aliasing
The quaternary phase-shift-keyed (QPSK) spreading wafiéer for the A/D conversion.
form [3] is given by The thermal noise introduced in the RF-stage amplifier, the

transfer function of the IF filter, and the action of the AGC
MAD—1 system can have a significant effect on the performance of

(t) = Z aip(t — iT.) the acquisition algorithm that is implemented in the signal

processing. This effect is the focus of this paper. Thus neither
the demodulation from RF to IF in the receiver nor the A/D
where {a;} represents a complex-valued spreading seonversion are modeled explicitly. Instead, the signal given
quence [3], which takes on values ife/("/% ¢i37/4  in (3) is taken as the received signal after demodulation to IF
I0m/4) i(T7/9)1 The spreading sequence is modeled as a s® that f,. is the local-reference intermediate frequency. The
quence of independent, identically distributed, complex-valugeceiver is modeled as an AWGN source, a bandpass IF filter,
random variables that are uniformly distributed over the fo@nd an AGC system followed by an acquisition stage based on
values. Thisrandom-sequencenodel [11] provides a good processing of the unquantized continuous-time signal.
approximation to the use of distinct binary-valued long-period The impulse response of the IF filter is given by
pseudonoise sequences for generation of the real and imaginary . )
parts of the complex-valued spreading sequence. The chip h(t) =2R€{h(t)6](2ww)}

=0
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Fig. 1. Block diagram of the acquisition stage.

whereii(t) is the baseband-equivalent impulse response of the+ T, for which X (¢) is largest. A locally generated copy of
filter. Without loss of generality, we assume that the spreading waveform is then synchronized to the delay
. MT,, and the waveform is used in a correlator to demodulate
max ‘H(f)‘ =[H(f)|=1 the data symbols.

R In a digital implementation of the receiveX,(¢) is sampled
whereH (f) is the frequency response of the IF filter alidf) at an integer multiple of the chip rate, yielding multiple sam-
is the baseband-equivalent frequency response. Filters with pes per chip interval. If a hit is declared, subsequent samples
tegrable power-transfer functions are considered, so that  occurring withinZ,, of the sample resulting in the hit are ex-

oo 5 too 12 amined to determine synchronization of the correlator. The re-
/ ‘H(f)‘ df = / ‘h(t)‘ dt < oo. sulting timing uncertainty at the receiver is small, provided there
—o0 —o0 are a sufficient number of samples per chip. The performance of

A properly designed AGC system responds to step chandBis technique can be approximated by considering a model in
in the average input power within a fraction of the duration ofhich the detector output is sampled only once per chip interval
the acquisition preamble and achieves minimal variation in it produce a single test statistic for the chip interval and in which
average output power over a wide dynamic range for the ingli€ received signal is chip synchronous with the sampling times.
power. In this paper, we approximate such a design by consihe latter model is used in the analysis.
ering an AGC system that responds instantly to a step change illf the detector fails to declare a hit until after the end of a
the average steady-state input power and maintains a conspaaket's acquisition preamble,naissoccurs and the packet is
average steady-state output power. Thus the signal at the outpattacquired. Conversely, if the detector declares a hit at least

of the AGC systeni(¢) is given by one chip interval before the end of the preamblélse alarm
. occurs. A finite amount of time is required for the receiver to
A(t) = va(t) (r=h)(t) () detect the occurrence of a false alarm so that the receiver can

turn to the acquisition mode. If the end of the preamble arrives
uring thisfalse-alarm processing intervalhe packet is not
acquired.

C. Acquisition Algorithm The duration of the false-alarm processing interval depends

The acquisition stage employs noncoherent square-law co?ﬁ?— the design of the system. There are numerous techniques

bining of filter outputs to form the test statistics. A block dial®" the verification of DS signal acquisition [4], though many

gram of the system for acquisition is shown in Fig. 1. The ian the.m. are not I use with a packet transm|55|on
taining a fixed-length acquisition preamble. In the simplest

phase and quadrature branches of the receiver each contain$R/0 . .
filters, denotedy: () andgs(f). The outputs in each branch a mplementation, the receiver must demodulate and decode for

where Y«(t) is the average steady-state power at the input
the AGC system at timeéand “+” denotes convolution.

time ¢ are summed to form the duration of an entire pqcket and determin'e that cyclic-re-
dundancy-check decoder failure has occurred in order to detect
Uty =Re{(y*g)(t)} (6) that a false alarm has occurred. In this case, the false-alarm
V() =Im{(y * 9)(t)} @) processing interval is equal to the duration of the data portion
R of a packet. In other implementations, the receiver may employ
wherey(t) = /a(t) (7F*h) (t) andg(t) = g1(t) + jg2(t). information from a data-directed tracking loop [4] in order
The test statisticX () = [/2(¢)+ V?2(¢) are derived from the to determine that a false alarm has occurred. In this case, the

outputs of the filters. If{(¢) exceeds a threshold at timg ahit  false-alarm processing interval may be variable. In yet other
is declared, and the receiver determines the timé, < t; < implementations, the preamble of each packet is followed by
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a start-of-frame delimiter, and the duration of the false-alarithe average power at the input to the AGC system (i.e., at the
processing interval can be as short as the time requiredaistput of the IF filter) over the interval is given by
demodulate and detect an invalid delimiter. Thus depending 1 fRADT.
on the system’s design, the false-alarm processing interval & / [(r = h)(£)]* dt
-~ 2
(7 « h) (t)‘ dt]

c Jt=kT,

1 DT

have either constant or random duration, and it can be much
shorter or much longer than the duration of the preamble. The
focus of this paper is not on the verification technique, and —
we limit our attention to systems with a constant false-alarm

2

processing interval for convenience. A false-alarm processing p [*+DTe k - )
interval of arbitrary constant duration is considered in the — TC/HJ E Z“i (w*h) (t —ilo)| | dt
analysis. o =0
The filters for the acquisition stage that are considered in the 1 [T s 2
analysis are those having the form + fz /t:kT b ‘ (n i h) (t)‘ o (10)
M—1 k (k+1)T.
P . ) 2
g(t) = Z ahy1ip(t —il2). =T Z/ (z/} * h) (t —dTe)| dt
=0 ¢ =0 t=kT.
Recall that is th di for th I AL
( ecall t at{ag, ..., ap_1}isthe spreading sequence forthe _/ E U (ﬁ* h) (t)‘ } dt 11)
acquisition preamble.) Furthermore, the impulse response of the Ie Ji=kr.
baseband-equivalent IF filtéx(t) and the functiory(¢) that are p RO Ny 2 +oo .2
considered satisfy the joint constraint = 7/0 (¢ * h) (t)‘ dt+/ No h(T)‘ dr.
(h’ * <p) (t) =¢*"(T. —t), forall t. 8) (12)

) ) . i The baseband-equivalent IF filters of interest have rise times no
Under this constraint, the convolution of the IF filter's basengre than one or two times the chip duration, so that within a

band-equivalent impulse response with the complex-valuggy chips of the start of the preamble, the average power at the

filter in the acquisition stage is matched to the acquisitiogy iyt of the IF filter approaches a steady-state value expressed
preamble in the DS signal. Two special cases of this recei

are considered. In one case, the IF filter introduces no distortion
of the DS signal ang(t) = ¢*(T. — t). Thus E

g(t) = (MT.—t), 0<t<MI. + +
po[r N 2 RPN
which is the standard realization of a filter matched to the pre- =~ f:/ ‘(1/’ * h) (t)‘ dt + /ﬂo No ‘h(T)‘ dr

1 pRHDT

L / [(r + B)(@)]? dt]

Tc t=kT,

amble. In the second case, the baseband-equivalent IFjiter P 0+oo R 9 oo | 2
is matched to the chip waveform, so that = 7/ [w(f)? ‘H(f)‘ df + No/ ‘H(f)‘ df
M-1 (13)

whereW¥(f) is the Fourier transform af(¢). The first term in
(13) corresponds to the average signal power at the output of

The differing performance for the two matched-filterimplemeng .\ ¢ a1 and the second term corresponds to the noise power
tations is due solely to the difference in the AGC ampllflcauogt the output of the IF filter. The step from (10) to (11) follows
that results with the two implementations. Constraints on t 2 m the fact thata;at] = 0, for i # j, and thatE[|a2[] = 1

oyl — L 03 — 4

cost and complexity of the IF filter may preclude matching it s all i

the chip waveform as in the latter implementation, but nonethe—-l-he fraction of the signal power that is passed through the IF
less, it is instructive to consider the performance that resultsﬁlter is given by the unitless parameter

9(t) =D ar_1_6(t —ilL). ©)
=0

+oo
[ll. THE EFFECT OF THEIF FILTER RESPONSE ON THEAGC £ / () ‘I—NI(f)‘2 df
AMPLIFICATION Ve = T J o 5
For a given input signal power and thermal noise power den- oo 1B | - 2
sity, the transfer function of the IF filter determines the power = / T ‘H(f)‘ df. (14)

at the input to the AGC system. In most land—mobile commuT— . . .
. . et the unitless parametes, represent the ratio of the noise
cations and for reasonable oscillator tolerances, the largest pos-

sible value off; in (4) is a small fraction of the signal band-POWeT passed thrqugh the 'IFfiIteTrto the noise power.that \.NOUId
width. (That is,Dy. < 1.) Thus, the Doppler shift has negli_pass through an ideal unity-gain bandpass filter with single-

gible effect on the power at the output of the IF filter, and itgIded basebeirnog-equwalent bandwidthL/ZThen

effectis ignored in the development in this section. We consider N, / ‘H(f) df o

IF filters that are causal. _ —oo T /
Consider the time intervdkT,, (k + 1)1.],0 < k < M, T e ‘)

corresponding to th&th chip in the preamble of the DS signal. 0 < )

&g ar. as)
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Thus, from (13)—(15), the steady-state average power at e
input to the AGC system during the reception of the preamble

can be expressed as

(k+1)T.
/t—ch

1

1.

E

[v*mwfﬁ]=%<P+ﬁ%j (16)
where

B =vn/7s

is also a unitless parameter. Note thaty, , ands depend only

on the chip waveform and the transfer function of the IF filter

and that they do not depend on the signal power or the no
power spectral density.

Similarly, the average power at the input to the AGC syste
beforethe arrival of the DS signal is given by

J

for k£ < 0.

1 AT

T,

0

(o) )’ dt] o,

No

= Vs 3—

Vsl T,
(17)

T.

=kT,

=g | wor[Eo[ @

s%i[ifr?HUHQ#
=, [ || w=

with equality if and only if|¥(f)| = T. for all f such that
H(f) # 0.Thusp > 1, with the same condition for equality. In
fact, sincec(t) is time limited, it can be shown that the equality
I(:Soendition is never met and thys > 1.

One implementation of the receiver in Fig. 1 that is of interest
ﬁmploys an IF filter that introduces minimal distortion in the
received signal and a filtgy(¢) in the acquisition stage that is
matched to the DS signal in the preamble. A hecessary condition
for the IF filter to be essentially nondistorting is that( f)| ~ 1
over a range of frequencies containing most of the energy in
W(f). From (14), it follows thaty; =~ 1 under that condition
and thus8 =~ -, and+y, > 1. To illustrate this, consider the

We make the approximation that the output of the AG&hlp waveform given by the time-limited raised-cosine pulse

system settles to its new steady-state power instantly upon
arrival of the DS signal. Thus the amplification resulting from

the AGC system is determined by (5) with

N —1

g = <’75ﬁ %) ) t<0

olt) = ’ g (18)
ay =7 <P+/3TO> , 0<t< MT..

By Parseval's theorem, it follows from (2) that
+oo T
[ wpa= [ wera-z. a9

—00 0

Since|H(f)| < 1 for all f, it thus follows from (14) and (19)
that the value pfys can be no greater than one, apd = 1
if and only if |[H(f)| = 1 for all f such that¥’(f) # 0. But

w@yzvg{1—as<?f

which has a single-sided 95%-power bandwidth of 1/11.5
Suppose that the IF filter is a Butterworth filter of ord€rwith
a single-sided baseband-equivalent cutoff frequencygoflf
N > 3, then

)}, 0<t<T, (22)

2 f5 < v < 2.17T.f5.

For example, consider a sixth-order Butterworth IF filter with a
cutoff frequency offg = 1.25/T.. The filter's phase response
exhibits a maximal deviation from linearity of less thar? t@er

the 95%-power spectral band of the DS signal and a maximal
variation in the magnitude response over the same band that is
lessthan 0.15dB [13]. If instead the cutoff frequency of the filter
is fg = 1.5/T., the maximal phase deviation and magnitude

the latter condition is impossible if the chip waveform is timeariation are less than°4and 0.02 dB, respectively, over the

limited and the filter has an integrable power-transfer functio
Thus~, < 1. A further constraint is obtained by noting that

T
/t=0

with equality if and only if|¢(¢)]| is identically equal to one on
[0, T..). From (2) and (20), it follows that

+oo T,
[¥(t)]dt < T

|- [

with equality if and only if|4)(¢)| is identically equal to one on

[0, T%.). Thus
/.

[(t)| dt < T..

(lp@) —1)*dt > 0 (20)

IH;LX (L) IH;LX P(t)e 92Tt dt

+oo

/

IA

oo

Bame band. In either casg, ~ 1 and the IF filter is accurately
approximated as one that does not distort the DS signal. For the
narrower of the two filter bandwidths,, =~ 2.5, and for the
wider bandwidthy,, ~ 3.0. Thus, the corresponding values of
(3 are also approximately 2.5 and 3.0.

The second implementation of the receiver in Fig. 1 that is
of interest occurs if the IF filter is matched to the chip wave-
form and the filterg(¢) in the acquisition stage is given by (9).
We consider two specific examples. In the first, the IF filter is
matched to a chip waveform that is a rectangular pulse. The
three parameters of interest are given-by= 2/3, v, = 1,
andfg = 1.5. In the second example, the IF filter is matched
to a chip waveform that is the time-limited raised-cosine pulse
given by (21). For this receive,, = 0.7215, v, = 1.5, and
B = 2.08.

In conclusion, we have shown that the effect of the IF filter's
transfer function on the AGC system’s amplification is deter-
mined by the values of, and/3 through (18). The specific ex-
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amples discussed above, and the corresponding valugesofi The collection of random variableslj(\g)Q, I](& )Q, ceey

A, are considered again later in this paper. 191071 is independent of the collection of random vari-
ables N(l’ ,N(” e N(U), N1 1t follows from
IV. ANALYSIS OF ACQUISITION PERFORMANCE (25) tr;{atM QT M-Q woo V')
In the analysis that follows, the receiver that is considered {N(U) N N(b) N(V)}
samples the outputs of the filters in Fig. 1 at timtes= 7}, M=@ 2 TM=Qr v ZIM

/iTC Vo)) () (t — iT, + MT.) dt
T —MT.

wheres is an integer, in order to form the test statistics. Thare independent zero-mean Gaussian random variables with
duration of the false-alarm processing interval is equél1Q, Va (N(L’))
so that successful acquisition of the signal is possible only if
no false alarms occur for thg samples immediately preceding 1
the sample corresponding to correct synchronization with the = ZE

signal. A false alarm that occurs more th@rsamples prior to )

the correct sample does not affect the ability of the receiver to iT. . )

acquire the signal. The analysis applies to the receiver of Fig. 1~ T /iT ur Y a(t)n”(t)e(t —ile + MT) dt)

if the convolution of the baseband-equivalent IF filter with the T ¢ .

filter g(¢) in the acquisition stage is matched to the chip wave- 1 [ e .

form. A more general analysis is required if that constraintis ~ 2 /T M /T wr Y a(t)o(z) Ea(t)n

not met, though it is a conceptually straightforward extension x Blc*(t — iT, + MT.)e(x — iT, + MT,)] dw dt

of the development given here. ;

The samples are denoted by = % / C () E|c(t — iT. + MT.)|?] dt
T.—MT,
L =U(i
Ui =UGL) (22) o MNoT,/2, i<0
Vi =V(T) (23) = { . . .
[o(M — )+ aqd) NoT/2, 1<i<M

whereU (¢T,.) andV (¢T,) are given by (6) and (7) and the test

statisticX; = U2+ V? is obtained from them in turn. [X; > ¢

for somei < M, afalse alarm occurs. The false alarm results in
a failure to acquire the packetif — () < i < M —1.Ifno false Ii(U) + jlfv)

and Vak Ny = var(N ).
Equation (26) can be simplified as

alarms occur fo{ X(p_qy, -+ -, Xv—1)} and if Xpy > 9, i, .
the packet is acquired. [, < 7, the packet is not acquired. = VP [ a(t) e(t)e* (t — i, + MT.)
Since false alarms have no effect on acquisition of the signal if 1(2;2}d;f§£
they occur for: < M — @, we need consider only the samples xe (0 ‘}Cfpt (@7)
{(Uv“ VZ)}, M — Q S 7 S M. _ iz /max sepde ; : . T T

As noted in the previous section, we focus on systems for VP o Vadt) e(t)e’ (¢ — il + MT.)
which Dy« 1. Thus the Doppler shift results in a small phase « ¢ @mfat+60) gy (28)
rotation in the baseband-equivalent received signal over the du- max{0,4}—1

ration of a chip interval, and the phase function is approximated  _ /P } : aral ‘+A4Tcej(27"DTck+90) (29)
. . . . v—1
accurately by a piecewise-constant function of time as

27 fut + 6o = 27Dy (t/T.) + 6o where the step from (27) to (28) results from the fact tigt =
~ 27Dk + 6o, KT, <t < (k+1)T.. (24) 0 f<or]\t/[< 0 and (29) uses the approximation in (24). Thus for

We employ this approximation as an equality in the develop-z [I(L)}
ment that follows.

- ot ~ET g max{0,i}—1 max{0,7}—1

It follows from (6)—(8) that the statistic&; and V; can be var (1@ — . P Z
expressed as i o1
k=0 m=0
@ ) .
U;=N;"+1, % E [(Re {akaz_H—N[cg(Qﬂ-DTpk—i—OO)})

Vi =N+ 11" X (Rc {amafanMCj(%Dﬂk+90)})} T

where N, NV 19 "and1") are the real-valued random )
: : ’ ’ =y Pmax{0, {}17/2.

variables given by

- - i, In a similar manner, it is shown that
N7 +jN; ' = (t —iT.+MT,)dt WM\ _ (v) ) (MY _
/ / oz Y ) var (1) =var (1{”), oy (1, 11"7) =0
(25 and
iT, . . . .
1V 1 1) = / Val) (8)* (t - iT, + MT,) Cov (1, 1) =cov (11, 10)
T, —MT,

x oJCmFatt0) gy, (26) = Cov (117, 1{") =0
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for i # n. Note that none of the first and second moments abowenot a false alarm occurs during the false-alarm processing in-

depends orfy or Dy, . terval. Thus, the probability of miss is given by
In contrast Poiss =1 — P (X > 1)
W) V) 00 N~ i,k Al
E I, 4+ 41 = Vo PT.el% ei2m Dk =1- <—, —) 33
|:J\4 JM:| 1 kz=0 @ OM OM 5=
B \/—PT {80t D, (M —1)] wherep = |E[Uns +5Var]| from (30),057 = +/Var(Uy,) from
T vanlfee ‘ (31), andQ(-, -) is the Marcum Q function [15].
sin (7 Dy, M) Thus, the probability of not acquiring a packet can be ex-
sin (v D) pressed as
and Pnacq:]-_P(XJ\lznv XJ\471<777 "'7X]\47Q<77)
Var (13;) = var (£,;”) =o0. =1 (1~ o) (1= Pa)
= Pmiss + Pfa - Pmissta
Thus = Pfa + Pmiss (1 - Pfa)
E[[]z + JV;] =/ Oélp TCGJ[QO-HTDTC (M=1)] = Pmiss + Pfa (1 - Pmiss) - (34)
in (r Dy M
W—Tc) 8(i — M) (30)
sin (7 Dr,) V. EFFECT OF THEAGC SYSTEM ON ACQUISITION
Var(U;) =Var(V;) PERFORMANCE
aoM NoT./2, i<0 To gain insight into the effect that the AGC system has on the
ia; PT?/2 performance of the acquisition algorithm, it is useful to express
= + [(M — oo + i) (31) the parameters that determine performance explicitly in terms of
X NoT. /2, 1<i< M the signal-to-noise ratio (SNR) of the received signal. The SNR
oy M NoT./2, i =M of the acquisition preamble is defined as
and{U—q), Vir—qys - -+ Un, Var ) are mutually uncorre- SNR= M PT./Ng.
lated. From (30) and (31), it follows that the parameters in (32) and

Consider any fixed-size subset of statist{ds(¢1), V(f1), (33) can be expressed as
..., U(ty), V(ts)} corresponding to fixed sampling instances

. 2

{t1, ..., tx}, and suppose the duration of the preamble is /2 = <M) Tf; (35)
held constant as the chip rate of the system is increased. By sin(7 Dr, ) Vs (1 + %)
straightforward application of the Cramér—Wold device and M
the multivariate central limit theorem [14], the fixed-sized 2 —_—

e : - o _ MITC SNR
subset converges in distribution to a collection &f j@intly oM =g BM
Gaussian random variables. On this basis, we approximate s (1+ m)
the joint distribution function of the collection of uncorrelated )
random  variables {Uias_o), Viar—o)s - Unis V) by _MIE 1 (36)
treating them as jointly Gaussian (and therefore independent) 2%n (1 + %)

random variables with first and second moments given tg/d
(30) and (31). Then the test statisti¢&y, ..., X,,) are "

also mutually independent. Furthermot€, = U? + V7, c = <. i<0
j = M—Q,...,M — 1, are central chi-square random 2 P 2w
variables with two degrees of freedom, akid; = U2, + V2 e 1 M
is a noncentral chi-square random variable with two degrees of e " T SNR
freedom. 2 <1 n ﬂ)
Acquisition occurs if and only if{; > nandX; <n, M — 3 SNR
Q < j £ M—1,wheren is the detection threshold. The proba- 2 (M -T2 1 37
bility that a false alarm occurs during the false-alarm processing “i — +f w0 (37)

interval is given b
given by CMT2 T8 1)
Pra=1-P Xy 1<n ..., Xy @ <m) -

2, 2y,
M—1 —n
=1- H [1—exp <—2>} (32) 1
i=M—-Q 201 X W 5 1 S 1 S M —1.
wheres? = Var(U;) from (31). In the subsequent sections, we \ + SNR

refer to this more succinctly as “the probability of false alarm.Recall from Section Il that,, < 1 and/s > 1. Note also that
For convenience in the subsequent expositiomissis de- ;2,42 , ands? depend ony, and3 only as a result of the scaling
fined as an outcome for whicK;; < 7, regardless of whether produced by the AGC system.
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The probability of false alarm is determined by the value of = 10°
o2 fori < M —1. From (37), the paramete# does not depend =
on SNR fori < 0. Butif 3 > 1, the parametes? is a strictly s | e i
increasing function of SNR far < ¢ < M — 1, and :§ 107 ¢ P E3
= \ fa -
lim o? 5 \/’
SNR— o0 2 107 4 / ¥
( 2 2 - ’
MT? 1 _ MT; 7 i <0 E X
2 .0 2% - b4 ’
. . £ 10° L VLT +
_ iT? 1 (M —)T? 1 (38) = i______- “4--"
2 % 22( %)/3 §
MT: | TS -1 : £ 10" — ;
=%, T2 lsisM-—1 =0 10 20 30 40
) ™ " SNR, (dB)

Thus, the probability of false alarm is a nondecreasing func-

tion of SNR that is strictly increasing jf > 1. And as the Fig. 2. Probabilities of miss and false alarm fér= 2.08 and a constant
signal-to-noise ratio increases, the probability of false alarm gfsauisition threshold X’ = 400, @ = 1000, D, =0.)

proaches a limiting value determined by (32) and (38). This is

illustrated in Fig. 2 for a combination of DS chip waveform 10”
and IF filter that results in3 = 2.08. The Doppler shift of

the received signal is zero. As in all the examples in this sec-
tion, the length of the acquisition preamble is 400 chips, the
false-alarm processing interval is 1000 chips, and the acquisi-
tion threshold is chosen to yield the smallest possible proba-
bility of not acquiring for a signal-to-noise ratio of 16 dB. If the
signal-to-noise ratio is small, the probability of false alarm is
given by P, = 5.7 x 10~*. As the SNR increases, the proba-
bility of false alarm increases to a limiting value of 4010 2.

The probability of miss depends @grando,,, and from (35) !
and (36) it is seen that is an increasing function of SNR and 10 1‘0 : 2=0 ‘ 20
o 1s a decreasing function of SNR. One cannot infer from this SNR, (dB)

a relationship between the probability of miss and SNR that is

expressed as simply as the relationship between the probabifity 3. Probabilities of miss, false alarm, and not acquiring¥fer 2.08 and

of false alarm and SNR. Indeed, if for sufficiently low valued constant acquisition thresholdJ(= 400, @ = 1000, Dz, = 0.)

of SNR the value of: is very small andr,, is very large, the

probability of miss is a locally increasing function of SNR. Irbility of not acquiring is shown for a Doppler spread of zero
any practical application, however, there is some smallest valfie3 = 2.08. The probability of miss and the probability of
of SNR (denoted SNR,,,) for which it is necessary to achievefalse alarm are also shown to illustrate that the former deter-
a low probability of not acquiring, and a low probability of missmines the performance if the signal-to-noise ratio is small and
cannot be achieved unless the threshpld less tharnu? for thatthe latter determines performance if the signal-to-noise ratio
SNR = SNR,n. If n < 12 for SNR= SNR,,;s,, it follows from is large.

(33) that the probability of miss is a decreasing function of SNR Nonmonotonicity as a function of SNR is exhibited by the
for SNR > SNR,,;,. This condition is satisfied in all circum- probability of not acquiring for any value ¢f greater than one.
stances of practical interest. Indeed, in many circumstances, Ttnés is illustrated in Fig. 4, in which the performance is shown
probability of miss is a decreasing function of SNR for an eveor a Doppler shift of zero and several valuegiofEven though
wider range of values of SNR. This is illustrated in Fig. 2 fos = 1.0 is not achievable with a time-limited chip waveform,
[ = 2.08. it is included for comparison.) The use of a sixth-order Butter-

Suppose a reasonable acquisition threshold is chosen. Fevaath IF filter and the matched filter in the acquisition stage
sufficiently small value of SNR, the probability of miss is apresults in3 = 2.5 if fg = 1.25/T., and it results in3 = 3.0
proximately one and the probability of false alarm is less thah fg = 1.5/7.. If instead the IF filter is matched to the chip
one. Thus the probability of miss dominates the probability efaveform and the filter in the acquisition stage is given by (9),
not acquiring for small values of SNR. As SNR approaches i = 1.5 if the chip waveform is rectangular antl = 2.08 if
finity, however, the probability of miss approaches zero and tliee chip waveform is given by (21). Performance is shown in
probability of false alarm increases toward its nonzero limitingig. 4 for values of3 including 1.0, 1.5, 2.08, 2.5, and 3.0. The
value. Thus the probability of false alarm dominates the probidireshold for each receiver is optimized to minimiZg,. if
bility of not acquiring for large values of SNR, and the probaSNR = 16 dB, and the resulting thresholds (normalized with re-
bility of not acquiring is a locally increasing function of SNR.spect toM?72/+,) are 0.037 25, 0.025 25, 0.018 25, 0.015 25,
Thus the probability of not acquiring is a nonmonotonic funand 0.013, respectively. It is seen that the severity of the non-
tion of SNR. This is illustrated in Fig. 3, in which the probamonotonicity increases g@sincreases. The nonmonotonicity is

,_
<
t

107 &+

Probability of error

10° +
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10°

VI. OPTIMIZATION OF THE ACQUISITION THRESHOLD

In the previous section, it is shown that the acquisition
threshold that minimizes the probability of not acquiring for
a given signal-to-noise ratio can result in poorer acquisition
performance at higher signal-to-noise ratios. This fact is
problematic for the design of the acquisition stage in the
receiver, since it is usually desirable to select design parameters
that guarantee a certain level of performance ovearae of
channel conditions. Perhaps the most natural design criterion
is to select the threshold for the acquisition algorithm that
. . results in the smallest possible worst-case probability of not
20 30 40 acquiring over all values of the signal-to-noise ratio above a
SNR, (dB) specified minimum value. If the smallest signal-to-noise ratio
of interest is denoted SNR,,, the optimal threshold based on
this criterion is given by

10" 4

102

107

Probability of not acquiring

10"

Fig. 4. Probability of not acquiring for several valuegiokach with a constant
acquisition threshold \{ = 400, Q = 1000, Dy, = 0.)

Nopt = arg Ir%in Pnacq(n)

0
. 10 where
= A
é i Pnacq(n) = )\ZISHI\%){(D,in{Pnva(n)|SNR:)\} (39)
?f and Pyacq(7)|snr=x is the probability of not acquiring if the
g threshold iy and the SNR is\.
° 107 ¢ The characterization of the acquisition performance in
Pt (32)—-(37) does not lend itself to tractable evaluation of the
E 10° 1 optimal acquisition threshold. Instead, it is necessary to em-
E ploy an exhaustive search over all possible thresholds and all
signal-to-noise ratios in the range SNRSNR,,;,, in order to
10 : ; : find the optimal threshold. Thus it is desirable to find a simpler
0 10 20 30 40 procedure that produces an acquisition threshold that comes

SNR, (dB) close to satisfying the criterion for the optimal threshold.

Fig. 5. Probability of not acquiring fo = 2.08 and a constant acquisition Itis noted in Section Ill that for a given threshold, the largest

threshold. {4 = 400, Q@ = 1000.) probability of false alarm occurs if SNR oo. Thus the largest
probability of false alarm for the range of channels specified by

exhibited even for a receiver that employs a chip-matched FYR 2 SNRuin @lso occurs if SNR= oc. If the threshold s,

filter, however, sinced > 1. the worst-case value df, is denoted by

It is seen from (35)—(37) that the value @fis a decreasing Pfa(n) = Pr(1)|sNR=oo-

function of the Doppler shift in the received signal, but th

Doppler shift does not affect the values®f ¢ < M. Thus,

the probability of false alarm does not depend on the Doppl%

shift, but the probability of miss (and consequently the proba- lf’miss(n) = Priss(7)|sNR=SNR,;, -

bility of not acquiring) increases as the Doppler shift increaseﬁ.he upper bound on the threshold is satisfied for any threshold

Th'IS' is |'IIustrated in Fig. 5,.|n wh.|ch the probability of not aCihat results in reasonable performance for SNBNR,in.)
quiring is shown for a receiver with = 2.08 and for Doppler

shifts of zero and 0.001. If the signal-to-noise ratio is small, t Suppose that,,;, denotes the acquisition threshold chosen to

) . . _[minimize the maximum oif’a andﬁ’miss ,i.e.,

performance is nearly 3 dB poorer with the higher Doppler shift, ta(7) ) ()
since the probability of miss dominates in that region. If the Tsub = arg Irgn Pown(n)
signal-to-noise ratio is large, however, the probability of false
alarm dominates performance and the performance does notBere
pend on the Doppler shift. P — ma {ﬁ, P } 40

It also follows from (35)—(37) that the value of affects the b (1) = maxy Pra(m), Fuuies(1) 1 - (40)
performance directly only as a scaling factor in the parameter
% ando?,i < M. For a given value of, different values ofy, . . . . . ;

L . increasing function ofn, 7y, is unique for a given value
result in the same performance as a function of SNR 2ipd g .
< of SNRy;,. Furthermore, since the miss and false-alarm

if th isition threshold i ledini iom, X i
I.Ht_]ues?[Cgul;ﬂagr;ésrszsry(;géspZE;yeShgl\Ilr;\llsggﬁ%rg?;rg??htg grobabllltles are continuous functions of the threshold,

\ ) : ) _ =P >
discussion above since the acquisition threshold is expresseéj sub) le“(qzs“b)' I - flopt
a quantity normalized with respect tg-L,. Pra(nopt) = Pra(nsubs)-

%imilarly, if 7 < p? for SNR = SNR,,;,,, the worst-case prob-
li;ility of miss occurs if SNR= SNR,,;,,, and it is denoted by

Since P, is a decreasing function of and P, is an
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If Tlsub S Tlopt 100
N ~ ~ =
-Pmiss(nopt) 2 -Pmiss(nsub) = Pfa(nsub)- g
< -1
s 107 ¢ 4
If min{nept, Msubt < 2 for SNR = SNR,,i,, the worst-case £
probability of not acquiring that results with the optimal acqui- E
sition threshold is bounded by £ 107 L +
=
~ =]
Pnacq(nopt) - SNRIZnSaN‘XRmin [Pfa(nopt) + ‘PnliSS(T]OPt) :5)' 3 1:'\nacq(n>’/P:ub(‘n)
= > L 1
- Pfa(nopt)-Pmiss(nopt)] E 10
2 SNRIZnSal\)T(Rm;n [InaX{Pfa(nopt)a -Pmiss(nopt)}] .
107

001 002 003 004 005

= Inax{pfa (nol)t)a -FA)miss(nopt)} 2 Ja
normalized threshold, 7y /(M'T )
s c

Z Pfa(nsub)
and the worst-case probability of not acquiring that results withy. 6.  objective functions for determiningp., 7.un.. (3 = 2.08, M = 400,
the suboptimal acquisition threshold is bounded by Q = 1000.)
Pnacq(nsub) = SNRIZHSalzT(Rm;n [Pfa(nsub) + Pmiss(nsub) 100
- Pfa(nsub)})miss (nsub)] nacq(n16dB)
< d Pa su Pmiss su -
= SNRglsrLﬁ(Rmn[ (o) + (1)) E 10" + \ 1
~ ~ (= o ————
S Pfa(nsub) + Pmiss(nsub)} g, /¢/-
A L]
= 2Pfa(775ub)- g 10>2 1 /' 1
Thus < /
z J
Pnacq(nsub) S 2 nacq(nopt)- (41) % 10-3 E3 h.‘/ E
= : ),
=3 nac Q]

The condition thatmin{nop, 7en} < w2 for SNR = £ Ty
SNR.i. holds for any situation of practical interest. Thus, a 10 £ a4
simple method requiring the evaluation of performance for ,
only two channels, one with SNR= oo and the other with < range of optimization —...
SNR = SNRyiy,, Yields an acquisition threshold that results in 10°° ’ = = = =
a nearly optimal worst-case probability of not acquiring over 0 10 20 30 40 50 60
the entire range of values of interest for the signal-to-noise SNR, (dB)
ratio.

. . . Fig. 7. Probability of not acquiring fo¥ = 2.08 with 1o, 7sub, @aNdn1e aB -
Toillustrate the effectiveness of the suboptimal threshold-s&7 ~ 400 ¢ = 1000, D, = 0.) i

lection method, consider the system with a 400-chip preamble,

a false-alarm processing interval of 1000 chips, a DS ChIllqdeed, the suboptimal threshold-selection method yields a

waveform and IF filter that result i¥ = 2.08, and a Doppler o .
shift of zero. Suppose it is desired to minimize the Worst-cag%reShOId that. is virtually the same as .the opt!mal threshold,
nd the resulting performance is essentially optimal.

robability of not acquiring over all values of the signal-to-nois NN . .
P Y d 9 9 The results in Fig. 7 also illustrate the effect of selecting the

ratio greater than or equal to 16 dB. Thus SNR= 16 dB. .
The thresholdy,,: that minimizes the worst-case probabilitythr.esmlg basetﬁ orlhthe ?erforr_narllce olver 6]1 ?Qge_?:‘ S|gnaél—to-
of not acquiring is the one that minimizes the objectivgOlse ratios rather than for a single vaiue o - [he perior-

. . . mance that is obtained if the threshold is equajdg or ., IS
function given by (39). In contrast, the threshajd,, is the ; X X :
one that ?ninimizyes( th)e objective function givenmbyb(40). BO,[ﬁompared with the performance that is obtained if the threshold

objective functions for this example are shown in Fig. 6 %gt;sek:ﬁtedhtol do.ptgnzetperforml?n;;;?r_sll\édeéG tﬂB' Ths
a function of the threshold. The value #f.cq(n) is slightly ;biﬁtr o;er?ofaclsuir?nnoigﬂlﬁé]:.lo_?’ £ ’ bitpi?is_
greater than the value d?.,,(7) for any value ofy, but the y quining 1s 2. = 6 dB

W _ _ _ _
difference is so small that the plots of the two functions arse'5 x 1077 if 7 = 7jopt OF = 77, But the worst-case proba

indistinguishable in the figure. The funActidAhmq(n) is mini- ?rlgz ngnjtlzg%u:glrégSo:elr()tbf h[angeoerB 1@ ﬂie%ei%re?jfes
mized ify = 0.02368(y,/M>T?), and Pu, () is minimized 2" > ' "lept. OF Tlsub> P

if 7 = 0.02367(v,/M2T2). The resulting performance is® 7€ 45"
virtually identical if either of the two thresholds is used, and

it is shown for both thresholds in Fig. 7. In this example, the
penalty in performance that results from using, rather than  The performance of a noncoherent acquisition algorithm
Topt 1S Much less than is suggested by the bound given in (415.evaluated for a DS packet radio transmission employing

VII. CONCLUSION
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a fixed-length acquisition preamble. The acquisition al-[15] M. Schwartz, W. R. Bennett, and S. Stegmmunication Systems and
gorithm is serial, and it is based on a matched-filter en-  Techniques New York: McGraw-Hill, 1966.
ergy-threshold-crossing detector. The analysis accounts for
differences in the frequency references of the transmitter
and the receiver as well as Doppler shifts resulting from tt
mobility of the radios. It also accounts for the effect of the intel
mediate-frequency filter and the subsequent AGC system. T
complex interdependence among the AGC system, the char
conditions, and the acquisition threshold in determining tt
performance of the acquisition technique is illustrated L
several examples for which the probability of not acquiring i
a markedly nonmonotonic function of the signal-to-noise rati at Urbana-Champaign in 1993, o
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