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welghted signals are combined to provide the processed signal. In the weight generation circuit the plurality of weights are

generated as a function of a conjugate of channel estimate of corresponding signal of the plurality of signals and a variance of
the corresponding signal. A method implementing the present invention Is also described.
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312, 314, 316, 318). The processing circuit provides a processed

signal, wherein a plurality of weights is applied to a plurality of signals producing a plurality of weighted signals and the plurality of
o weighted signals are combined to provide the processed signal. In the weight generation circuit the plurality of weights are generated

=

as a function of a conjugate of channel estimate of corresponding signal of the plurality of signals and a variance of the corresponding
signal. A method implementing the present invention is also described.
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RAKE RECEIVER FOR CDMA WIRELESS COMMUNICATIONS

FIELD OF THE INVENTION
This invention relates to the field of wireless digital communications, and

more particularly to a rake receiver for such signals.

BACKGROUND OF THE INVENTION

Wireless communications facilitates the delivery of information between the
transmitter and the receiver without a physical wired connection. Such advantage
translates to the freedom of mobility for the users and to the savings of wiring
nuisance for the users. However, spectrum has become scarce resource as the usage
of wireless communications for various applications becoﬁles more popular. In
order to maximize efficient spectrum utilization, various multiple access methods
have been proposed to achieve the goal.

First generation cellular communications systems, Advanced Mobile Phone
Services (AMPS) employed the Frequency Division Multiple Access (FDMA)
method and provided voice communication services in the early days. Second
generation cellular communications systems improved the spectrum efficiency by
using more digital processing of signals and e::mployed Time Division Multiple
Access (IDMA) method in GSM and IS-136 systems and Code Division Multiple
Access (CDMA) method in IS-95 systems. While second generation systems
typically provide two to five times voice capacity over the first generation systems,
data capabilities of second-generation systems are very limited.

Recent rapid commercial development of Internet and multimedia
applications has created a strong demand for wireless cellular systems capable of

providing sufficient bandwidth. In addition, further improvement of voice capacity
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In spectrum efficiency is in great demand as the spectrum allocated for service is
very limited. This scarcity results in high licensing fees for the available spectrum.
There is a strong need to improve the system capacity and spectrum

efficiency for wireless communication systems.

SUMMARY OF THE INVENTION

The present mnvention is an apparatus for performance improvement of a
digital wireless receiver having a plurality of signals. The apparatus has a
processing circuit and a weight generation circuit. The processing circuit provides a
processed signal, wherein a plurality of weights is applied to a plurality of signals
producing a plurality of weighted signals and the plurality of weighted signals are
combined to provide the processed signal.  In the weight generation circuit the
plurality of weights are generated as a function of a conjugate of channel estimate of
a corresponding signal of the plurality of signals and a variance of the corresponding

signal. A method implementing the present invention is also described.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention may be obtained
from consideration of the following description in conjunction with the drawings in
which:

FIG. la is a stylized representation of a typical multipath. channel model;

FIG. 1b is a block diagram representation of a typical multipath channel
model;

FIG. 2 is a block diagram of the rake receiver processing at each finger;

FIG. 3 1s a block diagram representation of the resultant rake receiver; and,
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FIG. 4 1s a graphical representation of bit error rate vs. the traffic power

fraction for two test case comparison.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

In wireless communications, radio waves from a transmitter arrive at a
receiver via several paths (multipaths) having different path lengths. The receiver
combines the radio waves. However, the combining of the radio waves is not
performed by coherent addition, as a result of which fading occurs. Various diversity
schemes have been proposed to deal with such fading. One example is a rake
receiver scheme. Rake reception is a technique, which involves identifying signals
that have passed through multipaths and combining the signals (by maximum-ratio
combining) upon weighting them for reliability, thereby improving the
characteristic.

Digital cellular wireless communication systems using CDMA technology
have been developed as next-generation mobile communications systems for
implementing wireless Internet and multimedia communication. In such CDMA
communication systems, transmission information from a plurality of channels or
users 1s multiplexed by spreading codes that differ from one another and is
transmitted via a transmission path such as a wireless link.

CDMA system concepts have been incorporated into the dominant third
generaﬁion (3G) standards. As the whole wireless industry moves toward 3G
development and deployment, CDMA systems are becoming increasingly more
popular. Due to the ability to resolve multiple paths, CDMA systems usually
employ a rake receiver in the signal reception process. This Invention proposes a

new architecture that improves the rake receiver design for CDMA systems.
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One major advantage of CDMA systems is their efficient usage of wide
bandwidth signal. CDMA systems transmit wide bandwidth signal over the air from
the transmitter to the receiver. Referring to FIG. 1a there is shown a stylized
representation of a typical multipath channel model. A base station 102 transmits a
signal to a mobile station 104. A variety of reflecting objects, such as geographical
features (mountains, etc.) 106, storage towers (water, gas, oil, etc.) 108, and
buildings 110 as well as other objects cause the signal will be split into multiple
paths and arrives at the receiver with different delay. Typically, each transmission
path 112 has different length and different reflection condition and thus yields
different delay and different channel attenuation in both the signal amplitude and
phase rotation. Referring to FIG. 1b there is shown a block diagram representation
of a typical multipath channel model. A base station 102 transmits a signal
comprised of Ap (pilot CH amp), At (Trafﬁc CH amp), and Nt (traffic CH SF). The
fransmitted signal follows a multipath channel 114, which is comprised of various
transmission paths 112. Other base station interference 116 combines with the
multipath channel signal and is received by the mobile station 104. Each
transmission path gives the signal a different complex gain (w)) 118 (signal strength)

and a different corresponding delay 120 (z;, 7o ... 7... 7).

The wide bandwidth that CDMA signal transmits helps resolve transmission
path ambiguity and materializes the detection of signal at different paths. CDMA
systems, such as the mobile receiver 104, therefore, incorporate a rake receiver to
combine the signals from different paths. The rake receiver is usually equipped with
several fingers with each finger demodulating and decoding the signal at a path with
different delay. The rake receiver uses a soft combination of signals from different

fingers to “rake” the received signal and reconstruct the transmitted signal. . The
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“soft” combination at a rake receiver presents the intrinsic diversity gain spread over
different paths. The rake receiver is thus one of the most critical subsystems in
CDMA communication systems.

For mobile communication systems, channel fading can rapidly change,
therefore the usual practice for CDMA systems is to utilize pilot signals (i.e., known
signal or training sequence either in the form of pilot code channel(s) or pilot
symbols) transmitted together with the traffic signals. The rake receiver detects the
pilot signal and provides the channel estimate at each finger. Referring to FIG. 2
there is shown a block diagram of the rake receiver processing at each finger. The

received signal after the matched filter 202 (matched to the transmitted pulse
shaping), is then de-spread with a hypothesized delay © 204. A typical de-spread
operation 1s a multiplication 206 with the product of the PN sequence 208 (which is
associated with the transmit base station and the user) and the specific channel
orthogonal code (i.e., code for pilot code channel 210 or traffic code channel 212),
then followed by an integration 214 over certain period. The hypothesized delay 7 is

unique to each finger so that multiple fingers are set up to capture the signal at
multiple paths. The integration period for traffic channel is the symbol duration in
the traffic channel and the integration period for pilot channel depends on the
channel variation speed or the vehicular speed. The result of the integraﬁon at the /"
finger is a pilot signal P; and a traffic signal 7.

The PN sequence is the péeudo random sequence. The sequence can be
generated by a shift register with some binary add operations so the output
sequence appears random. However, as long as the receiver knows the seed

for the register and timing, it can re-generate the sequence. By
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correlating the received sequence with re-generated sequence, only the desired
signal will have a large gain (called spreading gain) and suppress the interference.

The prior art of soft combining at rake receiver is to simply weight the
signals from difterent paths by the associated finger’s conjugate of channel estimate.
A conjugate 1s to de-rotate the phase while reserving the amplitude. Denote the
complex output (with I+)Q format where I is the in-phase component and Q is the
quadrature phase component) of the de-spreader at the /™ path for the traffic channel
and pilot channel, as 7; and P;, respectively. Thus, prior art of soft combining at

rake receiver performs the following operation

Re[T; '] e

M=

D =

=
where L 1s the total number of paths, D is the decision variable with D>0 in favor of
+1 transmitted and D<0 in favor of —1 transmitted, * denotes the conjugate
operation, and Re[x] is an operation taking the real part of x. However, this
approach does not yield the optimal performance.

The present invention provides an improved architecture in which the signals
trom different paths are weighted by the associated finger’s conjugate of channel
estimate and inversely weighted by the associated fingers’ variance. Compared to
the prior art described by Eq. 1, the operation of the soft combining of the present
invention scheme is as follows: ’

L Re|7P’] Eq. 2

]

-

D =

N

!

where

i1, - £ | or ¥ =E|R-E[R)] Eq.3

l
(1

Vi
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E[ ] 1s the expectation operation which will take the mean out of the random
variable inside [ |. The finger variance, V), can be estimated via the de-spreader
output of traffic channel or pilot channel. As the pilot channel provides the
complete known signal it is thus easier to use pilot channel de-spreader output to
estimate the finger variance. There can be many ways of implementation for that.
One embodiment is to obtain the mean of P; over the operation duration and then
calculate the variance based on that. Mathematically, it can be formulated as

follows:

Eq. 4

E[p]=3 B ()

t=t0

7= |B()-E[P]

p-tReLEED]

[=1 V}

where P;(%) is the output of the de-spreader of pilot channel at time instant #. The
sampling period and duration for the operation (# to #;) depends on the channel
variation speed or the vehicular speed.

Referring to FIG. 3 there is shown a block diagram representation of the
resultant rake receiver. The pilot channel can be the pilot code channel or the pilot
symbols. The architecture of the present invention is equally well suited for
application to a rake receiver of any CDMA systems. The received signal is
processed by a corresponding demodulator 302 for each transmission path 1 through
L. The demodulator 302 for path / contains a de-spreader for the pilot channel 304
in path / and a de-spreader for the traffic channel 306 in the path /. A variance
estimator 308 and a complex conjugate function 310 are coupled to the output of the

de-spreader for the pilot channel 304. The output of the de-spreader for the traffic
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channel 306 and the output of the complex conjugate function 310 are input to
multiplier 312. Function Re[x] 314, which is an operation taking the real part of x,
is coupled to the output of multiplier 312. An inversion function 316 is coupled to
the output of variance estimator 308. The output of the inversion function 316 and
the output of function Re[x] are coupled to the inputs of multiplier 318. The output
of multiplier 318 is coupled to adder 320. Corresponding adders 320 combine the
corresponding outputs of the demodulators for paths 1 through L.

Analytical evalu"ation of the present invention shows performance
improvement for various cases. In general, larger gain of the present invention’s
architecture can be obtained if the mobile station is located in a “better” location
(1.e., higher geometry, or cloéer to the serving base station(s) in the sense of radio
distance). Traditionally this was not critical as the voice channel power needed
(from base stations) in such locations are very low and saving 1 dB is not making
much advantage. This is because the voice channel has lower bit rate and therefore
higher spreading gain, e.g., 512 in WCDMA. . However, as data becomes the more
dominant application, higher channel rates are of high demand and therefore saving
up to 0.9 dB at the high geometry locations will make a significant difference. For
instance, for channels of spreading factor equal to 16 or less (e.g., channel rates of
480Kbps or higher in WCDMA), the saving in base station transmit power fraction
can easily translate into a significant capacity increase.

Although, the illustrative embodiment above is for the downlink of a CDMA
system, the present invention is equally well suited for use with the uplink of any
CDMA system. In particular, in a CDMA uplink, if a data user wants to use high
channel rate to transmit, it usually is allowed only when the loading level (i.e., the

utilization at that cell) in the uplink is light. In that case, it is exactly the same



CA 02435385 2003-07-21

WO 02/19577 PCT/US01/41907

10

15

20

0.
situation as a high geometry user (i.e., relative other cell interference is low) and
therefore the present invention provides significant gain for the CDMA uplink usage
as well.
Referring back to FIG. 2 there can been seen the correlator operation at each
finger. Without loss of generality, the output of the PN and orthogonal modulation
correlator for the traffic channel and pilot channel in the /* path can be formulated

respectively as
T, =xew,N, A.(1)+ y(T,D) Eq. 5
P =w,N,4,(I)+ y(P,]) Eq. 6
where
x 1s the transmitted binary symbol, i.e., +1
w, 18 the complex-valued short term fading (namely, multiplicative distortion,
MD) for the /” path,
Nt 1s the tratfic channel integration period in chips, i.e., the spreading factor
(chips per symbol)
N, 1s the pilot channel integration period in chips (to yield a channel estimate),
A(l) and A (/) are the amplitudes of the traffic channel and pilot channel in the
[" path (for full rate), respectively, ahd they include transmit power for the
specified channel, path loss, shadow fading, and antenna gain, but it does not
include the short term fading,

y(T,l) and y(P,l) are the interference of the traffic channel and pilot channel in

the /” path, respectively.
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The multiplicative distortion at each path is assumed to be Rayleigh (i.e., each
wy 1s a complex Gaussian with zero mean), independent and the sum of the average

power among multiple paths i1s normalized to 1, i.e.,

L

> g1 o

/=1

E [w,w

%

]=O, if n#l

n

The mterference at the traffic channel and pilot channel are assumed to be

zero mean and independent and has the following properties
E||y(T,z)12J: N, J(1), Ehy(p, z)ﬂ: N,J(0) Eq. 8

J(Z)sz,, +ZL:Ehwn 2]

n=I1
n#-l

where

J(1) is the per chip interference, i.e., the interference density in the /** path,

Jos 18 the variance of the interference from other base stations’ transmission,

L r
ZE ‘wn‘z] represents the interterence power from other paths (but the same

base station).

The bit error rate for the decision metric in eq. 2 can be evaluated as follows:

Eqg. 9

BER = Prob{D < 0|x =1}= Prob- i Re[gg*] <Ox=1p
/=1 {

J

= Prob{Z"QZ < 0|x =1}

where
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0. v Eq. 10
Z=\P P, .. PT, T, .. T,]' , Q= *

V=dag(vV, v, ... V)
07 1san L x L all-zero matrix.
Eq. 9 has been explicitly solved by previous research. In general, the
characteristic function together with residue methodology provides good solutions to

eq. 9 as follows:

! i i Eqg. 11
. LT () - > Residue 49 k
PFOZ?{ZH QZ < O} = I ¢ 3 dS — right plane poles . 3 -
27T T e 40
lefl plane pole.s'U{O} S _

where 0<c<real part of the first right plane pole of ¢(s), and ¢(s) is the characteristic

function of the decision metric D = 2% 07,

#(s) = Efe™|= el +lsCzQ) exp(— E[Z]" C;‘[I —(I+ sCzQ)_IIE[Z]) =q. 12
where
C, = E|(z~ E[z))(z - E[z])"| Bq. 13
and the components of C, can be obtained as follows:
E[P,?P,*]= S5(n— l){}f:hw,\2 JNf, AD)+N, }E a, Eq. 14

11 = (-] W2 0) N, =,
BB |= 5(n-1)E | VoV, 4,0)4, (1)

il

¢

Since the channel is assumed to be Rayleigh faded, so E[Z] = 0. The determinant

term 1n eq. 12 can be explicitly expressed as
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1 - Ta v
A A 1 Eq. 15
det(]—}—sCzQ): det| I,, +sf “ ° OV

\ A, AV 0,
= det((I -+ SACV"1 )2 )"‘ det(s zAaAbvhz)
5 L /1 } Szcl +S2 C,z'_;?]b]\
I=1 \ 4 e
where
A, =diag ([al a, .. a,)) Fa. 16
Ab =dz’ag([bl bp, bL])
Ac = diag([01 C, ¢y )

The invention may now be better understood by consideration of the
tollowing specific examples and tests. In the examples and tests, which are intended
tfor those skilled in the art, the acronyms used are expanded when they are first used
and 1n the definitions section at the end of this application. The following examples
are provided for the purpose of illustration only. The examples should not be
construed as limiting the invention. The following example is to demonstrate this
invention’s feasibility. The experimental detail combined with the description above
shows advantages of various possible components and methods.

In order to evaluate the performance improvement by using the weights
accounting for the finger variance, two test cases are set up to compare the
performance. The benchmark case is to have matrix V in Eq. 10 equal to an identity
matrix. This represents the case not using the finger variance, which is the

implementation of the traditional rake receiver. The test case is to have matrix V in
Eq. 10 equal to J= diag([.] O J2) ... J (L)]) which represents the

implementation using the information of finger variance estimate.

Note that
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n 2 Eq. 17
) q

\2 / Ao rn )
Al 2
:Ehw,‘z{NTAT(Z)-—NTAT(Z) 59 +N, 1+NT‘fT(Z) J(7)

A

where A,(l)is the estimate of 4,(I) and A,(/)is the estimate of 4 (I). At high

SNR for pilot channels (for instance, using long enough integration period, Np, or
good enough amplitude, Ap), the channel variance in the /” path can be

( IO
1_]_ NT AYZ' (Z)
2
N,41),

approximated as N, J(Z). Removing the coefficients not variable to

\

different paths and using the fact that traffic to pilot ratio is the same for all paths, it
1S found that V; is proportional to J{I). In summary, the two test cases that are
compared are:

Benchmark: V=1 (Traditional Rake Receiver) Eq. 18

Proposed: V=J = diag([J 1 J2) .. J (L)])

FIG. 4 1s a graphical representation which shows the bit error rate vs. the
tratfic power fraction for the two cases in comparison. The abscissa is the traffic
channel power to total power ratio at the transmitter, usually phrased as traffic

power fraction. The ordinate is the symbol error rate, which is the bit error rate

- without channel coding. A pilot integration period, Np, of 19200 chips is used and

15% of total power from the base stations is assumed used for pilot channel (A,” =
0.15). Geometry is an indicator of how far away (in terms of propagation loss and
shadow fade, or “radio distance”) the mobile station is located from the serving base

station and is defined as
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§ Eq. 19
E 2]
Received Serving BS Power N ; hw, |

All Other Power Joy,

Geometry =

where the power is defined at the mobile antenna input. Note that the right most part
of Eq. 19 is in reference to Fig. 1, Eq. 7 and Eq. 8. Also note that the power
received at the mobile station from neighboring base stations contribute the most to
the denominator of Eq. 19. Therefore a higher value of geometry indicates the
mobile station is closer to the serving base station (in radio distance) and vice versa.
Geometry of 15 dB is used in Fig. 4 to represent a case where the mobile station is
close to the base station. Spreading factors, SF, i.e., the Nt in Eq. 5, of 16, 64 and
256 are evaluated in FIG. 4. A multipath power profile of [0 —5 —10] dB is used
where the three paths are assumed at least two2 chips away. The result is plotted in
solid lines for the traditional rake (V=I) and in dashed lines for the test case (V=)).
A 0.9 dB gain is obtained by using the present invention’s architecture compared to
that of a traditional rake.

Numerous modifications and alternative embodiments of the invention will
be apparent to those skilled in the art in view of the foregoing description.
Accordingly, this description is to be construed as illustrative only and is for the
purpose of teaching those skilled in the art the best mode of carrying out the
invention. Details of the structure may be varied substantially without departing
from the spirit of the invention and the exclusive use of all modifications, which
come within the scope of the appended claim, is reserved. For example, although
the inventive concept was illustrated herein as being implemented with discrete
functional building blocks, e.g., a weight generation circuit, the functions of any one

or more of those building blocks can be carried out using one or more appropriately
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programmed processors, e.g., a digital signal processor. It should be noted that the

inventive concept is also applicable to other wireless systems (not just CDMA).
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WHAT IS CLAIMED
. A method for performance improvement of a digital wireless rake receiver
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20
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having a plurality of finger signals comprising the following steps:

determining a corresponding conjugate of channel estimate for each finger
signal of the plurality of finger signals;

determining a corresponding variance for said each finger signal of the
plurality of finger signals;

generating a plurality of weights wherein weights are generated as a function
of said corresponding conjugate of channel estimate and said corresponding
yvariance;

applying said plurality of weights to the plurality of finger signals producing
a plurality ot weighted signals; and,

combining said plurality of weighted signals producing a processed signal.

2. The method as recited in claim 1 wherein the step of determining a
corresponding variance further comprises estimating finger variance as a function of

de-spreader output of traffic channel.

3. The method as recited in claim 1 wherein the step of determining a

corresponding variance further comprises estimating finger variance as a function of

de-spreader output of pilot channel.

4, The method as recited in claim 3 wherein the pilot channel comprises a pilot

code channel.
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5. The method as recited in claim 3 wherein the pilot channel comprises pilot
symbols.
0. The method as recited in claim 1 wherein said corresponding variance is

10

15

20

V,=F l‘T, — E|T, ]2~ where V; is the variance, E is the expectation operation, and 77 is

de-spreader output at an /™ path for traffic channel.

7. The method as recited in claim 1 wherein said corresponding variance is
V, = EhP, —E [P} ]ZJ where V; is the variance, £ is the expectation operation and P; is

de-spreader output at an /™ path for pilot channel.

8. An apparatus for performance improvement of a digital wireless rake
receiver having a plurality of finger signals comprising:

a processing circuit for processing the plurality of finger signals and
providing a processed signal, wherein a plurality of weights is applied to said
plurality of finger signals producing a plurality of weighted signals and said plurality
of weighted signals are combined to provide said processed signal; and

a weight generation circuit for generating said plurality of weights, wherein
said plurality of weights are generated as a function of a conjugate of channel
estimate of a corresponding finger signal of said plurality of finger signals and a

variance of said corresponding finger signal.

9. A signal processor apparatus for a wireless receiver having a plurality of

signals, the signal processor comprising:
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a processing circuit for processing the plurality of signals and providing a
processed signal, wherein a plurality of weights is applied to the plurality of signals
producing a plurality of weighted signals and said plurality of weighted signals are
combined to provide said processed signal; and

5 a weight generation circuit for generating said plurality of weights, wherein
said plurality of weights are generated as a function of a conjugate of channel
estimate of a corresponding signal of said plurality of signals and a variance of said

corresponding signal.

10 10.  The apparatus as recited in claim 8 or 9 wherein said variance of said
corresponding finger signal is estimated as a function of de-spreader output of traffic

channel.

11.  The apparatus as recited in claim 8 or 9 wherein said variance of said
15  corresponding finger signal is estimated as a function of de-spreader output of pilot

channel.

12. The apparatus as recited in claim 10 wherein said pilot channel comprises a
pilot code channel.

20
13. The apparatus as recited in claim 10 wherein said pilot channel comprises

pilot symbols.
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14.  The apparatus as recited in claim 8 or 9 wherein said variance of said
corresponding finger signalis V, = E hT, — E|T, ]21 where V) 1s the variance, F is the

expectation operation and 7} is de-spreader output at an /™ path for traffic channel.

3 15. The rake receiver as recited in claim 8 or 9 wherein said variance of said
corresponding finger signal is V, = F IJP, ~E|P ]ZJ where V; 1s the variance, E is the

expectation operation and P; is de-spreader output at an Zﬂ’: path for pilot channel.
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