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(57) ABSTRACT 

A method implemented in a communication device for track 
ing a spread spectrum signal having an associated code at a 
receiver is claimed. Components of the spread spectrum sig 
nal are despread using locally generated versions of the asso 
ciated code, each component having a different code phase. A 
tracking error is determined based on a quadratic function of 
the components and a Weighting factor relating the signal to 
the tracking error. The Weighting factor is a function of a time 
shift. A minimum in the tracking error is determined by 
adjusting the time shift. 
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EFFICIENT MULTIPATH CENTROID 
TRACKING CIRCUIT FORA CODE 

DIVISION MULTIPLE ACCESS (CDMA) 
SYSTEM 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/788,209, ?led Feb. 26, 2004, Which is 
a continuation of US. patent application Ser. No. 10/071,899, 
?led on Feb. 8, 2002 and issued on Jun. 1, 2004 as US. Pat. 
No. 6,744,809, Which is a continuation of US. patent appli 
cation Ser. No. 09/261,689, ?led on Mar. 3, 1999 and issued 
on Apr. 30, 2002 as US. Pat. No. 6,381,264 Which is a 
continuation of US. patent application Ser. No. 08/669,771 
?led on Jun. 27, 1996 and issued on Jun. 15, 1999 as US. Pat. 
No. 5,912,919, Which claim the bene?t of US. Provisional 
PatentApplicationNo. 60/000,775, ?led Jun. 30, 1995, Which 
are incorporated by reference as if fully set forth. 

FIELD OF INVENTION 

[0002] The present disclosure is related to Wireless com 
munications. 

BACKGROUND 

[0003] The present invention generally pertains to code 
sequence tracking in Code Division Multiple Access 
(CDMA) communication systems, also knoWn as spread 
spectrum communication systems. More particularly, the 
present invention pertains to a system and method for ef?cient 
tracking of multipath signal components alloWing for com 
bining of multipath signal components to improve data signal 
detection and despreading by reducing effects of multipath 
interference, and increase CDMA communication system 
ef?ciency by reducing the required transmit poWer. 
[0004] Providing quality telecommunication services to 
user groups Which are classi?ed as remote, such as rural 
telephone systems and telephone systems in underdeveloped 
countries, has proved to be a challenge over recent years. The 
past needs created by these services have been partially sat 
is?ed by Wireless radio services, such as ?xed or mobile 
frequency division multiplex (FDM), frequency division 
multiple access (FDMA), time division multiplex (TDM), 
time division multiple access (TDMA) systems, combination 
frequency and time division systems (FD/TDMA), and other 
land mobile radio systems. Usually, these remote services are 
faced With more potential users than can be supported simul 
taneously by their frequency or spectral bandWidth capacity. 
[0005] Recognizing these limitations, recent advances in 
Wireless communications have used spread spectrum modu 
lation techniques to provide simultaneous communication by 
multiple users. Spread spectrum modulation refers to modu 
lating a information signal With a spreading code signal; the 
spreading code signal being generated by a code generator 
Where the period, Tc, of the spreading code is substantially 
less than the period of the information data bit or symbol 
signal. The code may modulate the carrier frequency upon 
Which the information has been sent, called frequency 
hopped spreading, or may directly modulate the signal by 
multiplying the spreading code With the information data 
signal, called direct-sequence spreading (DS). Spread-spec 
trum modulation produces a signal With bandWidth substan 
tially greater than that required to transmit the information 
signal. The original information is recovered by synchro 
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nously demodulating and despreading of the signal at the 
receiver. The synchronous demodulator uses a reference sig 
nal to synchroniZe the despreading circuits to the input 
spread-spectrum modulated signal to recover the carrier and 
information signals. The reference signal may be a spreading 
code Which is not modulated by an information signal. Such 
use of a synchronous spread-spectrum modulation and 
demodulation for Wireless communication is described in 
US. Pat. No. 5,228,056 entitled SYNCHRONOUS 
SPREAD-SPECTRUM COMMUNICATIONS SYSTEM 
AND METHOD by Donald L. Schilling, Which is incorpo 
rated herein by reference. 
[0006] One area in Which spread-spectrum techniques are 
used is in the ?eld of mobile cellular communications to 
provide personal communication services (PCS). Such sys 
tems desirably support large numbers of users, control Dop 
pler shift and fade, and provide high speed digital data signals 
With loW bit error rates. These systems employ a family of 
orthogonal or quasi-orthogonal spreading codes, With a pilot 
spreading code sequence that is synchronized to the family of 
codes. Each user is assigned one of the spreading codes from 
the family as a spreading function. Related problems of such 
a system include handling multipath fading effects. Solutions 
to such problems include diversity combining of multipath 
signals. The problems associated With spread spectrum com 
munications, and methods to increase capacity of a multiple 
access, spread-spectrum system are described in US. Pat. No. 
4,901,307 entitled SPREAD SPECTRUM MULTIPLE 
ACCESS COMMUNICATION SYSTEM USING SATEL 
LITE OR TERRESTRIAL REPEATERS by Gilhousen et al. 
Which is incorporated herein by reference. 
[0007] The problems associated With the prior art systems 
focus around reliable reception and synchroniZation of the 
receiver despreading circuits to the received signal. The pres 
ence of multipath fading introduces a particular problem With 
spread spectrum receivers in that a receiver must somehoW 
track the multipath components to maintain code-phase lock 
of the receiver’s despreading means With the input signal. 
Prior art receivers generally track only one or tWo of the 
multipath signals, but this method may not be satisfactory 
because the combined group of loW-poWer multipath signal 
components may actually contain far more poWer than the 
one or tWo strongest multipath components. The prior art 
receivers track and combine only the strongest components to 
maintain a predetermined Bit Error Rate (BER) of the 
receiver. Such a receiver is described, for example, in US. 
Pat. No. 5,109,390 entitled DIVERSITY RECEIVER IN A 
CDMA CELLULAR TELEPHONE SYSTEM by Gilhousen 
et al. Which is incorporated herein by reference. A receiver 
that combines all multipath components, hoWever, is able to 
maintain the desired BER With a signal poWer that is loWer 
than that of prior art systems because more signal poWer is 
available to the receiver. Consequently, there is a need for a 
spread spectrum communication system employing a 
receiver that tracks substantially all of the multipath signal 
components, so that substantially all multipath signals may be 
combined in the receiver. This Would reduce the required 
transmit poWer of the signal for a given BER. 

SUMMARY 

[0008] A spread spectrum signal having an associated code 
is tracked at a receiver. A plurality of components of the 
spread spectrum signal are despread using the associated 
code. Each of the plurality of components has a different code 
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phase than all others of the plurality of code phases. Each of 
the plurality of components is Weighted based on a phase 
difference betWeen that component and a center code phase 
associated With the plurality of components. A tracking error 
is determined based on the Weighted components. 

BRIEF DESCRIPTION OF THE DRAWING(S) 

[0009] FIG. 1 is a block diagram of exemplary circuitry 
Which implements the method of tracking the received 
spreading-code phase. 
[0010] FIG. 2 is a block diagram of exemplary circuitry 
Which implements the acquisition decision method of the 
correct spreading-code phase of the received pilot code of the 
present invention. 
[0011] FIG. 3 is a block diagram of the tracking circuit that 
tracks the median of the received multipath signal compo 
nents. 

[0012] FIG. 4 is a block diagram of the tracking circuit that 
tracks the centroid of the received multipath signal compo 
nents. 

[0013] FIG. 5 is a block diagram of the correlating circuit 
Which creates a tracking vector signal for a generaliZed qua 
dratic tracking detector. 

DETAILED DESCRIPTION OF THE PREFERRED 

EMBODIMENT(S) 
[0014] Three CDMA spreading-code tracking methods in 
multipath fading environments are described Which track the 
code phase of a received multipath spread-spectrum signal. 
The ?rst is the prior art tracking circuit Which simply tracks 
the spreading code phase With the highest detector output 
signal value, the second is a tracking circuit that tracks the 
median value of the code phase of the group of multipath 
signals, and the third, the system and method of the present 
invention, is the centroid tracking circuit Which tracks the 
code-phase of an optimiZed, least mean squared Weighted 
average of the multipath signal components. The folloWing 
describes the methods by Which the spreading code phase of 
the received CDMA signal is tracked. 
[0015] A tracking circuit has operating characteristics that 
reveal the relationship betWeen the time error and the control 
voltage that drives a Voltage Controlled Oscillator (VCO) of 
a spreading-code phase tracking circuit. When there is a posi 
tive timing error, the tracking circuit generates a negative 
control voltage to offset the timing error. When there is a 
negative timing error, the tracking circuit generates a positive 
control voltage to offset the timing error. When the tracking 
circuit generates a Zero value, this value corresponds to the 
perfect time alignment called the ‘lock-point’. FIG. 1 shoWs 
the basic tracking circuit. Received signal r(t) is applied to 
matched ?lter 301, Which correlates r(t) With a local code 
sequence c(t) generated by Code Generator 303. The output 
signal of the matched ?lter x(t) is sampled at the sampler 302 
to produce samples x[nT] and x[nT+T/ 2]. The samples x[nT] 
and x[nT+T/2] are used by a tracking circuit 304 to determine 
if the phase of the spreading-code c(t) of the code generator 
303 is correct. The tracking circuit 304 produces an error 
signal e(t) as an input to the code generator 303. The code 
generator 303 uses this signal e(t) as an input signal to adjust 
the code-phase it generates. 
[0016] FIG. 2 shoWs the tracking circuit as it is typically 
used in a code division multiple access (CDMA) system 
receiver Which uses an adaptive vector correlator (AVC) to 
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estimate the channel impulse response and to obtain a refer 
ence value for coherent combining of received multipath 
signal components. For this type of system, a pilot signal is 
transmitted as a synchronization reference to all receivers. 

The described system receiver employs an array of correla 
tors to estimate the complex channel response affecting each 
multipath component, the receiver then compensates for the 
channel response and coherently combines the received mul 
tipath signal components. This approach is referred to as 
maximal ratio combining. 

[0017] Referring to FIG. 2, the input signal x(t) to the 
system includes interference noise of other message chan 
nels, multipath signals of message channels, thermal noise, 
and multipath signals of the pilot signal. The input signal is 
provided to AVC 601 Which includes a despreading means 
602, channel estimation means for estimating the channel 
response 604, correction means for correcting a signal for 
effects of the channel response 603, and adder 605 in the 
present invention. The AVC despreading means 602 is com 
posed of multiple code correlators, With each correlator using 
a different phase of the pilot code c(t) provided by the pilot 
code generator 608. The output of this despreading means 
corresponds to a noise poWer level if the phase of the local 
pilot code of the despreading means is not in phase With the 
input code signal, or it corresponds to a received pilot signal 
poWer level plus noise poWer level if the input pilot code and 
locally generated pilot code have the same phase. The output 
signals of the correlators of the despreading means are cor 
rected for the channel response by the correction means 603 
and are applied to the adder 605 Which collects all multipath 
pilot signal poWer. The channel response estimation means 
604 receives the combined pilot signal and the output signals 
of the despreading means 602, and provides a channel 
response estimate signal, W(t), to the correction means 603 of 
the AVC. The output signal of the despreading means 602 is 
also provided to the acquisition decision means 606 Which 
decides, based on a particular algorithm such as a sequential 
probability ratio test (SPRT), if the present output levels of the 
despreading circuits correspond to synchroniZation of the 
locally generated code to the desired input code phase. If the 
detector ?nds no synchroniZation, then the acquisition deci 
sion means sends a control signal a(t) to the local pilot code 
generator 608 to offset its phase by one or more chip period. 
When synchroniZation is found, the acquisition decision 
means informs tracking circuit 607, Which achieves and 
maintains a close synchroniZation betWeen the received and 
locally generated code sequences. 
[0018] In a CDMA system, the signal, s(t), shoWn in Equa 
tion (1) transmitted by the reference user is Written in the 
loW-pass representation as, 

°° Equation 1 

so) = Z who-km 
[(200 

Where ck represents the spreading code coe?icients, PTC (t) 
represents the spreading code chip Waveform, and Tc is the 
chip duration. Assuming that the reference user is not trans 
mitting data, only the spreading code modulates the carrier. 
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Referring to FIG. 1, the received signal, r(t), is described by 
Equation (2) 

M Equation 2 

rm = Z aim — Ti) 

[0019] In Equation (2), al- is an attenuation factor due to 
fading effect of the multipath channel on the i-th path and "cl. is 
the random time delay associated With the same path. The 
receiver passes the received signal through a matched ?lter, 
Which is implemented as a correlation receiver and is 
described beloW. This operation is done in tWo steps: ?rst the 
signal is passed through a chip matched ?lter and sampled to 
recover the spreading code chip values, then this spreading 
sequence is correlated With the locally generated code 
sequence. 

[0020] FIG. 1 shoWs the chip matched ?lter 301, matched to 
the chip Waveform PTC (t), and the sampler 302. The signal 
x(t) at the output terminal of the chip matched ?lter is given by 
Equation (3), 

M 00 Equation 3 

x(t) = Z Z a;ckg(t — T; — kTc) 

Here, hR (t) is the impulse response of the chip matched ?lter 
and “*” denotes convolution. By changing the order of the 
summations, Equation (3) can be reWritten as Equation (5), 

°° Equation 5 

x<n= Z okra-km 
[(200 

Where 

M Equation 6 

fm = Z mgU — Ti) 

[0021] In the multipath channel described above, the sam 
pler samples the output signal of the matched ?lter to produce 
x(nT) at the maximum poWer level points of g(t). In practice, 
hoWever, the Waveform g(t) may be distorted due to the mul 
tipath signal reception, and a perfect time alignment of the 
signals may not be available. 
[0022] When the multipath distortion in the channel is neg 
ligible and a perfect estimate of the timing is available, i.e., a1 
al:l, "51:0, and aZ-IO, i:2, . . . , M, the received signal is 
r(t):s(t). Then, With this ideal channel model, the output of 
the chip matched ?lter becomes 

[0023] When there is multipath fading, hoWever, the 
received spreading code chip value Waveform is distorted, 
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and has a number of local maxima that can change from one 
sampling interval to another depending on the channel char 
acteristics. 
[0024] For multipath fading channels With quickly chang 
ing channel characteristics, it is not practical to try to locate 
the maximum of the Waveform f(t) in every chip period inter 
val. Instead, a time reference can be obtained from the char 
acteristics of f(t) that may not change as quickly. Three track 
ing methods are described based on different characteristics 

of f(t). 
[0025] Prior art tracking methods include a code tracking 
circuit in Which the receiver attempts to determine the maxi 
mum matched ?lter output value of the chip Waveform and 
sample the signal at that point. HoWever, in multipath fading 
channels, the receiver despread spreading-code Waveform 
can have a number of local maxima, especially in a mobile 
environment. In the folloWing, f(t) represents the received 
signal Waveform of the spreading code chip convolved With 
the channel impulse response. The frequency response char 
acteristic of f(t) and the timing of its maximum correlation 
can change rather quickly making it impractical to track the 
maximum of f(t). 
[0026] De?ne "c to be the time estimate that the tracking 
circuit calculates during a particular sampling interval. Also, 
de?ne the folloWing error function 

The tracking circuits of the prior art calculate a value of the 
input signal that minimiZes the error 6. One can Write 

H6 Equation 9 

rnins=l—rnaxf f(ndt I 1*6 

[0027] Assuming f(t) has a smooth frequency response 
characteristic in the values given, the value of "c for Which f(t) 
is maximum minimizes the error 6, so the tracking circuit 
tracks the maximum point of f(t). 
[0028] The Median Weighted Tracking Method minimizes 
the absolute Weighted error, de?ned as, 

[0029] This tracking method calculates the “median” signal 
value of f(t) by collecting information from all paths, Where 
f(t) is as in Equation (6). In a multipath fading environment, 
the Waveform f(t) can have multiple local maxima, but only 
one median. 

[0030] To minimiZe e, the derivative of Equation (10) is 
taken With respect to "c and is equated it to Zero, Which yields 
Equation (1 1). 

[0031] The value of "c that satis?es (11) is called the 
“median” of f(t). Therefore, the Median Tracking Method of 
the present embodiment tracks the median of f(t). FIG. 3 
shoWs an implementation of the tracking circuit based on 
minimiZing the absolute Weighted error de?ned above. The 
signal x(t) and its one-half chip offset version x(t+T/2) are 

Equation 10 

Equation 11 
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sampled by the A/D 401 at a rate l/T. Equation (12) deter 
mines the operating characteristic of the circuit in FIG. 3: 

[0032] Tracking the median of a group of multipath signals 
keeps the received energy of the multipath signal components 
equal on the early and late sides of the median point of the 
correct locally generated spreading-code phase C”. The track 
ing circuit consists of anA/D converter 401 Which samples an 
input signal X(t) to form the half chip offset samples. The half 
chip offset samples are alternatively grouped into even 
samples called an early set of samples X(nT+1) and odd 
samples called a late set of samples X(nT+(T/2)+1). The ?rst 
correlation bank adaptive matched ?lter 402 multiplies each 
early sample by the spreading-code phases c(n+l), c(n+2), . . 
. , c(n+L), Where L is small compared to the code length and 
approximately equal to number of chips of delay betWeen the 
earliest and latest multipath signal. The output of each corr 
elator is applied to a respective ?rst sum-and-dump bank 404. 
The magnitudes of the output values of the L sum-and-dump 
circuits are calculated in the calculator 406 and then summed 
in summer 408 to give an output value proportional to the 
signal energy in the early multipath signals. Similarly, a sec 
ond correlation bank adaptive matched ?lter 403 operates on 
the late samples, using code phases c(n-l), c(n-2), . . . , 
c(n-L), and each output signal is applied to a respective 
sum-and-dump circuit in an integrator 405. The magnitudes 
of the output signals of the L sum-and-dump circuits are 
calculated in calculator 407 and then summed in summer 409 
to give a value for the late multipath signal energy. Finally, the 
adder 410 calculates the difference and produces error signal 
6(1) of the early and late signal energy values. 
[0033] The tracking circuit adjusts by means of error signal 
6(1) the locally generated code phases c(t) to cause the dif 
ference betWeen the early and late values to tend toWard 0. 

[0034] The optimal spreading-code tracking circuit of one 
embodiment of the present invention is called the squared 
Weighted tracking (or centroid) circuit. De?ning 1 to denote 
the time estimate that the tracking circuit calculates, based on 
some characteristic of .function.(t), the centroid tracking cir 
cuit minimiZes the squared Weighted error de?ned as 

This function inside the integral has a quadratic form, Which 
has a unique minimum. The value of 1 that minimiZes 6 can be 
found by taking the derivative of the above equation With 
respect to 1 and equating to Zero, Which gives 

Therefore, the value of 1 that satis?es 

is the timing estimate that the tracking circuit calculates, and 
.beta. is a constant value. 

[0035] Based on these observations, a realiZation of the 
tracking circuit of the present invention minimiZing the 

Equation 15 
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squared Weighted error is shoWn in FIG. 4. The folloWing 
equation determines the error signal 6(1) of the centroid track 
ing circuit: 

2L Equation 16 

The value that satis?es €('C):0 is the perfect estimate of the 
timing. 
[0036] The early and late multipath signal energy on each 
side of the centroid point are equal. The centroid tracking 
circuit shoWn in FIG. 4 consists of an A/D converter 501 
Which samples an input signal X(t) to form the half chip offset 
samples. The half chip offset samples are alternatively 
grouped as an early set of samples X(nT+1) and a late set of 
samples X(nT+(T/2)+1). The ?rst correlation bank adaptive 
matched ?lter 502 multiplies each early sample and each late 
sample by the positive spreading-code phases c(n+l), c(n+2), 
. . . , c(n+L), Where L is small compared to the code length and 
approximately equal to number of chips of delay betWeen the 
earliest and latest multipath signal. The output signal of each 
correlator is applied to a respective one of L sum-and-dump 
circuits of the ?rst sum and dump bank 504. The magnitude 
value of each sum-and-dump circuit of the sum and dump 
bank 504 is calculated by the respective calculator in the 
calculator bank 506 and applied to a corresponding Weighting 
ampli?er of the ?rst Weighting bank 508. The output signal of 
each Weighting ampli?er represents the Weighted signal 
energy in a multipath component signal. 
[0037] The Weighted early multipath signal energy values 
are summed in sample adder 510 to give an output value 
proportional to the signal energy in the group of multipath 
signals corresponding to positive code phases Which are the 
early multipath signals. Similarly, a second correlation bank 
adaptive matched ?lter 503 operates on the early and late 
samples, using the negative spreading phases c(n-l), c(n-2), 
. . . , c(n-L), each output signal is provided to a respective 

sum-and-dump circuit of discrete integrator 505. The magni 
tude value of the L sum-and-dump output signals is calculated 
by the respective calculator of calculator bank 507 and then 
Weighted in Weighting bank 509. The Weighted late multipath 
signal energy values are summed in sample adder 511 to give 
an energy value for the group of multipath signals corre 
sponding to the negative code phases Which are the late mul 
tipath signals. Finally, the adder 512 calculates the difference 
betWeen the early and late signal energy values to produce 
error sample value 6(1). 
[0038] The tracking circuit of FIG. 4 produces error signal 
6(1) Which is used to adjust the locally generated code phase 
c(nT) to keep the Weighted average energy in the early and 
late multipath signal groups equal. The embodiment shoWn 
uses Weighting values that increase as the distance from the 
centroid increases. The signal energy in the earliest and latest 
multipath signals is probably less than the multipath signal 
values near the centroid. Consequently, the difference calcu 
lated by the adder 510 is more sensitive to variations in delay 
of the earliest and latest multipath signals. 
[0039] In another embodiment of the tracking method, the 
tracking circuit adjusts sampling phase to be “optimal” and 
robust to multipath. Let f(t) represent the received signal 
Waveform as in Equation 16 above. The particular method of 
optimiZing starts With a delay locked loop With an error signal 
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6(1) that drives the loop. The function 6(1) must have only one 
Zero at 1:10 Where1O is optimal. The optimal form for 6(1) has 
the canonical form 

s(T) : rWU, mfmlz dl Equation 17 

Where W(t, 1) is a Weighting function relating f(t) to the error 
6(1), and the following holds 

5(1- + To) : rwu, T+ Tonfmlz dl Equation 18 

It folloWs from Equation 18 that W(t, 1) is equivalent to 
W(t—1). Considering the slope M of the error signal in the 
neighborhood of a lock point 10: 

_ dab’) Equation 19 

Where W'(t, 1) is the derivative of W(t, 1) With respect to 1, and 
g(t) is the to average of |f(t)|2. 
[0040] The error 6(1) has a deterministic part and a noise 
part. Let Z denote the noise component in 6(1), then lZl2 is the 
average noise poWer in the error function 6(1). Consequently, 
the optimal tracking circuit maximizes the ratio 

M2 Equation 20 

The implementation of the Quadratic Detector is noW 
described. The discrete error value e of an error signal 6(1) is 
generated by performing the operation 

eIyT By Equation 21 

Where the vector y represents the received signal components 
yi, iIO, l, . . . L-l, as shoWn in FIG. 5. The matrix B is an L 
by L matrix and the elements are determined by calculating 
values such that the ratio F of Equation 20 is maximiZed. 

[0041] The Quadratic Detector described above may be 
used to implement the centroid tracking system described 
above With reference to FIG. 4. For this implementation, the 
vectory is the output signal of the sum and dump circuits 504: 
y:{f(1—LT), f(1—LT+T/2), f(1—(L—l)T), . . . f(1), f(1+T/2), 
f(1+T), . . . f(1+LT)} and the matrix B is set forth in Table 1. 

TABLE 1 

B matrix for quadratic form of Centroid Tracking System 

L 0 0 0 0 0 0 0 0 0 0 
0 L-Vz 0 0 0 0 0 0 0 0 0 
0 0 L-l 0 0 0 0 0 0 0 0 

0 0 0 0 1/2 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 
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TABLE l-continued 

B matrix for quadratic form of Centroid Tracking System 

0 0 0 0 0 0 -1/2 0 0 0 0 

0 0 0 0 0 0 0 0 -L + 0 0 
1 

0 0 0 0 0 0 0 0 0 -L + 1/2 0 
0 0 0 0 0 0 0 0 0 0 -L 

[0042] To understand the operation of the Quadratic Detec 
tor, it is useful to consider the folloWing. A spread spectrum 
(CDMA) signal, s(t) is passed through a multipath channel 
With an impulse response hc(t). The baseband spread signal is 
described by Equation (22). 

S([) = Z CipU _ [76) Equation 22 

where C,- is a complex spreading code symbol, p(t) is a pre 
de?ned chip pulse and Tc is the chip time spacing, Where 
TCII/RC and RC is the chip rate. 
[0043] The received baseband signal is represented by 
Equation (23) 

m) = Z C;q(l - iTc - T) + n(t) Equation 23 

Where q(t):p(t))*hc (t), 1 is an unknoWn delay and n(t) is 
additive noise. The received signal is processed by a ?lter, hR 
(t), so the Waveform, x(t), to be processed is given by Equa 
tion (24). 

X0) = 2 cm — iTc — T) + w) Equation 24 

Where f(t):q(t) *hR (t) and Z(t):n(t)*hR (t). 
[0044] In the exemplary receiver, samples of the received 
signal are taken at the chip rate, that is to say, l/Tc. These 
samples, x(mTc+1'), are processed by an array of correlators 
that compute, during the r/ correlation period, the quantities 
given by Equation (25) 

,blrl Equation 25 

V?) = Z x(mTc + T’)Cfnik 
mIrL 

These quantities are composed of a noise component Wk(r) 
and a deterministic component yk(r) given by Equation (2 6). 

In the sequel, the time index r may be suppressed for ease of 
Writing, although it is to be noted that the function f(t) 
changes sloWly With time. 
[0045] The samples are processed to adjust the sampling 
phase, 1', in an optimum fashion for further processing by the 
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receiver, such as matched ?ltering. This adjustment is 
described below. To simplify the representation of the pro 
cess, it is helpful to describe it in terms of the function f(t+'c), 
Where the time-shift, "c, is to be adjusted. It is noted that the 
function f(t+"c) is measured in the presence of noise. Thus, it 
may be problematical to adjust the phase '5' based on mea 
surements of the signal f(t+'c). To account for the noise, the 
function v(t): v(t):f(t)+m(t) is introduced, Where the term 
m(t) represents a noise process. The system processor may be 
derived based on considerations of the function v(t). 

[0046] The process is non-coherent and therefore is based 
on the envelope poWer function |v(t+"c)|2. The functional e("c') 
given in Equation (27) is helpful for describing the process. 

[0047] The shift parameter is adjusted for e("c'):0, Which 
occurs When the energy on the interval (—OO,'c'—"c] equals that 
on the interval ['c'—'c, 00). The error characteristic is monotonic 
and therefore has a single Zero crossing point. This is the 
desirable quality of the functional. A disadvantage of the 
functional is that it is ill-de?ned because the integrals are 
unbounded When noise is present. Nevertheless, the func 
tional e("c') may be cast in the form given by Equation (28). 

Equation 27 

Where the characteristic function W(t) is equal to sgn(t), the 
signum function. 
[0048] To optimiZe the characteristic function W(t), it is 
helpful to de?ne a ?gure of merit, F, as set forth in Equation 
(29). 

Equation” 

[0049] The numerator of F is the numerical slope of the 
mean error characteristic on the interval [—TA, T A] surround 
ing the tracked value, "50'. The statistical mean is taken With 
respect to the noise as Well as the random channel, hc(t). It is 
desirable to specify a statistical characteristic of the channel 
in order to perform this statistical average. For example, the 
channel may be modeled as a Wide Sense Stationary Uncor 
related Scattering (WSSUS) channel With impulse response 
hc(t) and a White noise process U(t) that has an intensity 
function g(t) as shoWn in Equation (30). 

MOIWUU) 

The variance of e('c) is computed as the mean square value of 
the ?uctuation 

Equation 30 

Where <e('c)> is the average of e('c) With respect to the noise. 
[0050] Optimization of the ?gure of merit F With respect to 
the function W(t) may be carried out using Well-knoWn Varia 
tional methods of optimiZation. 
[0051] Once the optimal W(t) is determined, the resulting 
processor may be approximated accurately by a quadratic 
sample processor Which is derived as folloWs. 

[0052] By the sampling theorem, the signal v(t), bandlim 
ited to a bandWidth W may be expressed in terms of its 
samples as shoWn in Equation (32). 
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substituting this expansion into equation (2+6) results in an 
in?nite quadratic form in the samples v(k/W+'c'—'c). Making 
the assumption that the signal bandWidth equals the chip rate 
alloWs the use of a sampling scheme that is clocked by the 
chip clock signal to be used to obtain the samples. These 
samples, vk are represented by Equation (33). 

This assumption leads to a simpli?cation of the implementa 
tion. It is valid if the aliasing error is small. 
[0053] In practice, the quadratic form that is derived is 
truncated. An example normalized B matrix is given beloW in 
Table 2. For this example, an exponential delay spread pro?le 
g(t):exp(—t/"c) is assumed With .tau. equal to one chip. An 
aperture parameter T A equal to one and one-half chips has 
also been assumed. The underlying chip pulse has a raised 
cosine spectrum With a 20% excess bandWidth. 

TABLE 2 

Example B matrix 

0 0 0 0 0 0 0 0 0 0 0 
0 0 -0.1 0 0 0 0 0 0 0 0 
0 -0.1 0.22 0.19 -0.19 0 0 0 0 0 0 
0 0 0.19 1 0.45 -0.2 0 0 0 0 0 
0 0 -0.19 0.45 0.99 0.23 0 0 0 0 0 
0 0 0 -0.2 0.23 0 —0.18 0.17 0 0 0 
0 0 0 0 0 —0.18 —0.87 -0.42 0.18 0 0 
0 0 0 0 0 0.17 -0.42 -0.92 —0.16 0 0 
0 0 0 0 0 0 0.18 —0.16 -0.31 0 0 
0 0 0 0 0 0 0 0 0 -0.13 0 
0 0 0 0 0 0 0 0 0 0 0 

[0054] Code tracking of the above form in a CDMA system 
employing a Pilot signal can be implemented via a loop phase 
detector that is implemented in a digital signal processing 
device (DSP) as folloWs. The vector y is de?ned as a column 
vector Which represents the 1 1 complex output level values of 
the Pilot AVC 1711, and B denotes an 11><11 symmetric real 
valued coe?icient matrix With pre-determined values to opti 
miZe performance With the non-coherent Pilot AVC output 
values y. The output signal of the phase detector is given by 
Equation (21). 
[0055] The folloWing calculations are then performed to 
implement a proportional plus integral loop ?lter and the 
VCO: 

for [3 and 0t Which are constants chosen from modeling the 
system to optimiZe system performance for the particular 
transmission channel and application, and Where x[n] is the 
loop ?lter’s integrator output value and Z[n] is the VCO output 
value. The code phase adjustments are made by the modem 
controller the folloWing C-subroutine: 

Equation 35 

delay phase 1/16 chip; 

} else if (Z < —Zmax) { 
advance phase 1/16 chip; 
Z + = Zrnax; 

[0056] The value of L in the previous section determines 
the minimum number of correlators and sum-and-dump ele 
ments. L is chosen as small as possible Without compromising 
the functionality of the tracking circuit. 
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[0057] The multipath characteristic of the channel is such 
that the received chip Waveform f(t) is spread over QTC sec 
onds, or the multipath components occupy a time period of Q 
chips duration. The value of L chosen is LIQ. Q is found by 
measuring the particular RF channel transmission character 
istics to determine the earliest and latest multipath component 
signal propagation delay QTC is the difference betWeen the 
earliest and latest multipath component arrival time at a 
receiver. 
[0058] The previous description of acquisition and tracking 
algorithm focuses on a non-coherent method because the 
acquisition and tracking algorithm described requires non 
coherent acquisition folloWing by non-coherent tracking 
because during acquisition a coherent reference is not avail 
able until the AMF, Pilot AVC, Aux AVC, and DPLL are in an 
equilibrium state. HoWever, it is knoWn in the art that coherent 
tracking and combining is alWays optimal because in non 
coherent tracking and combining the output phase informa 
tion of each Pilot AVC ?nger is lost. Consequently, another 
embodiment of the invention employs a tWo step acquisition 
and tracking system, in Which the previously described non 
coherent acquisition and tracking algorithm is implemented 
?rst, and then the algorithm sWitches to a coherent tracking 
method. The coherent combining and tracking method is 
similar to that described previously, except that the error 
signal tracked is of the form: 

EIyTAy Equation 3 6 

Where y is de?ned as a column vector Which represents the l 1 
complex output level values of the Pilot AVC 1711, and A 
denotes an ll.times.ll symmetric real valued coef?cient 
matrix With pre-determined values to optimiZe performance 
With the coherent Pilot AVC outputs y. An exemplary A 
matrix is shoWn below. 

1 O O O O O O O O O O 

O l O O O O O O O O O 

O O l O O O O O O O O 

O O O l O O O O O O O 

O O O O l O O O O O O 

A- O O O O O O O O O O O 

O O O O O O —l O O O O 

O O O O O O O —l O O O 

O O O O O O O O —l O O 

O O O O O O O O O —l O 

O O O O O O O O O O —1 
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[0059] While the present invention has been described in 
terms of exemplary embodiments, it is understood by one 
skilled in the art that it may be practiced as described above 
With variations Within the scope of the folloWing claims. 

What is claimed is: 

1. A method implemented in a communication device for 
tracking a spread spectrum signal having an associated code 
at a receiver, the method comprising: 

despreading a plurality of components of the spread spec 
trum signal using locally generated versions of the asso 
ciated code, each of the plurality of components having 
a different code phase than all others of the plurality of 
code phases; 

determining a tracking error based on: 

a quadratic function of the components, and 

a Weighting factor relating the signal to the tracking 
error; the Weighting factor being a function of a time 
shift; and 

determining a minimum in the tracking error by adjusting 
the time shift. 

2. The method of claim 1, comprising maximiZing a ratio 
of: 

a slope of the error signal in the neighborhood of the value 
of the time shift yielding the minimum to 

an average noise poWer. 

3. The method of claim 1, Wherein the quadratic function is 
obtained by truncating an in?nite quadratic form. 

4. The method of claim 3, Wherein the truncating comprises 
the application of an exponential decay function of the time 
shift. 

5. The method of claim 2, Wherein the ratio is maximiZed 
by performing the operation of forming a product of: 

a vector representing the components, 

a matrix, and 

a transpose of the vector, 

Wherein elements of the matrix are adjusted to maximiZe the 
ratio. 

6. The method of claim 1, further comprising a subsequent 
coherent tracking method. 

* * * * * 


