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Abstract— Multiuser Decision Feedback (DF) receivers can be em-
ployed to improve the bit error performance at the physical layer of wire-
less networks. Given a wireless network framework capable of utilizing
‘“capacity” gains at the physical layer, DF receivers elevate the provisioned
QoS guarantees. This paper develops closed-form FIR DF receivers suit-
able for multirate multipath transparent CDMA transmissions with block
spreading codes. Capitalizing on the multiuser elimination capabilities of
our CDMA framework, our DF receivers outperform both the linear and
the successive interference canceller (SIC) receivers. Simulations illustrate
the merits of our designs.

I. INTRODUCTION

QoS Wireless Networking, similar to its wireline counterpart,
aims to provide throughput, delay, and bit error rate (BER)
guarantees. Unlike wireline networking, wireless network-
ing has to cope with the wireless channel idiosyncrasy, which
manifests itself as “variable capacity”: time- and frequency-
selective fading along with multiuser interference (MUI) lead
to increased BER, which in turn necessitates packet retrans-
missions; hence, to decreased “goodput” and increased delay.
To combat the intrinsic impairment of the wireless physical
medium, one should exploit all available forms of diversity; on
the other hand, provision of QoS guarantees in a wireless en-
vironment calls for the joint design of the network, link, and
physical layers. As shown in [1], such a joint design leads
to improved performance at both the network and the physi-
cal layers. Herein, we further improve the BER performance
at the physical layer by developing block FIR multiuser deci-
sion feedback (DF) receivers as a replacement for the linear
receivers of [1,2]. In this work, we focus on the merits of our
designs at the physical layer. Our paper is organized as follows.
In Section IT we motivate the study of DF receivers by explain-
ing the design philosophy of [1], which enables DF-induced
performance improvements to be utilized for QoS provision.
Then, in Section III we describe the physical layer of [1], and
in Section IV we develop our multi-user DF receivers. In Sec-
tion V we illustrate the BER improvements through simula-
tions, and in Section VI we summarize and give pointers to
future research. :
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II. PROVISION OF QOS IN WIRELESS NETWORKS

We look at a cellular environment where packets are transmit-
ted between the mobile users and the basestation. The over-
all system performance, in terms of throughput, delay, and
packet error probability, depends critically upon the perfor-
mance at the network, data link, and physical layers. At the
network layer, throughput and delay guarantees can be real-
ized through a Generalized Processor Sharing scheduler [3]:
every user m is associated with a service dependent weight
¢m; the amount of bandwidth BW,,, allocated to user m is
BW., = ¢,BW/ 3" ¢ 4 du, where BW is the overall band-
width and A is the set of active users. At the data link layer,
throughput and delay guarantees are ensured by a two-phase
demand assignment medium access control (MAC) protocol.
During the first phase, each user m notifies the base station
about its intention to transmit and the requested ¢,,; the base
station notifies each user about the corresponding code assign-
ment. During the second phase, users rely on these codes to
transmit (at possibly different rates) multimedia information.
At the physical layer, BER and throughput guarantees are pro-
vided by a multirate multipath transparent Generalized Multi-
Carrier (GMC) CDMA framework. As proved in [1,2], the
joint design of user codes and receivers guarantees determin-
istic multiuser elimination and deterministic symbol recovery
regardless of the underlying FIR physical channel'. As we ex-
plain in the next section, the code assignment procedure ties the
network, MAC, and physical layer together; as a result, BER
improvement at the physical layer evinces itself as throughput
increase at the network layer. This is exactly our motivation for
the development of GMC-CDMA DF receivers.

III. PHYSICAL LAYER

First we provide a high-level view of our system, and then we
will proceed to a more detailed description.

1 As discussed in Section 111, as long as there is a bound on the order of the
FIR channel, the physical layer guarantees symbol recovery (in the absence of
noise); hence, the term “multipath transparent”. Note also that an estimate of
the order of the channel depends on the symbol rate, the carrier frequency and
the environment type, €.g., urban, hilly, indoor, etc. (see, e.g., [4,5]).

398



pm(2)
Cm i

'
'
1

Hpm (1)
+H, 63~ 1)

e—mth transmitteg:, — mth channel

T )

3

b
S

=

Gm V1_nl ym (3 T

X
3

X
-

Jm X P

mith receiver

Im X Im Km X Jm

—_—

o o

Fig. 1. Block model

High Level View Fig. 1 depicts the uplink channel of our
GMC-CDMA system. The user m uses his assigned code ma-
trix C,, to transmit blocks s, (i) of size K,,. Through the
code C,,, the K, X 1 vector s,, (%) is mappedtoa P x 1 vec-
tor Wy, (i) = Cp,Sp(¢) which is transmitted over the channel;
we note that block-spreading enables multirate transmissions
by altering K. The channel {h(n)}%_,, which is assumed to
be FIR of order L, is represented by the matrices H,,, and HZ,.
The received block x(¢) contains MUI and additive noise 7(i):

M-1
x(i) = ) (HuCusyu(i) + H,Cys,(i — 1)) +m(3). (1)

n=0

The receiver removes MUI using the filterbanks described by
the matrices G, and V;!. In {1,2,6], the transmitted data
s (1) are recovered using the zero-forcing equalizer Iy, (as we
explain later on, the channel matrix is full column rank, which
guarantees the existence of the pseudo-inverse I',). Herein,
we develop DF receivers to improve the BER performance.
We base our DF receivers on the results of [7], which derived
closed-form block FIR DF receivers for the single user case.
It turns out that these DF receivers can be used in our mul-
tiuser environment, because the joint design of the code C,
and the receiver G, renders the multiuser environment to that
of a single-user.

$m (3)
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Fig. 2. GMC-CDMA DF receiver

Fig. 2 depicts the structure of the DF receiver, which con-
sists of the feedforward filterbank represented by the K, X Ji,
matrix W, the decision making device, and the feedback fil-
terbank represented by the K, x K,, matrix B,,. The feed-
forward filter is responsible for eliminating ISI from “future”
symbols within the current block, whereas the feedback filter
is responsible for eliminating ISI from “past” symbols.

Detailed View Signals, codes, and channels of the uplink
CDMA channel are represented by samples of their complex
envelopes taken at the chip rate. The data symbol sequence

of the m-th user is denoted by s, (k) and through serial-
to-parallel converters is grouped into blocks of K, symbols
sm(1):=[sm(iKm) ... 8m(iKm + Km ~ 1)]T. Using the or-
der P — 1 FIR precoding filterbank {c,, x(n)}5<= ™1, the block
Sm () is mapped to a block u,, (i) of P > K, chips: u,,(7) =
C s (1), where the (n, k)th entry of the P x K, matrix C,,
is ¢k (n).

The coded? chip sequence u,,(n) passes through the
discrete-time equivalent baseband channel h,, (n), which is as-
sumed to be of order < L (a common assumption in quasi-
synchronous CDMA systems [6]). The impulse response
h.m(n) models multipath, transmit-receive filters, and the mth
user’s asynchronism in the form of delay factors [6]. The
chip-sampled sequence is: z(n) = Z,A:;ol zm(n) + n(n),
where: ,,(n):= Z;f:o ho (F)um(n — 7), and n(n) is the ad-
ditive noise. Similar to OFDM, the first L symbols of the re-
ceived block are discarded at the receiver to eliminate IBI. The
received P x 1 vector x(4):=[z(iP) . .. x(iP+P-1)}T in AGN
7(i):=[n(P)...n(iP + P — 1)]7 is given by (1). The P x P
Toeplitz (convolution) matrix Hy, has first row ( (0) ... 0),
first column ( R(0) ... A(L) 0 ... 0)7 and models the inter-
symbol interference (ISI) within the symbols of a block. The
P x P Toeplitz matrix H!,, has first row (0 ... Oh(L) ... h(1))
and first column O p 1, and is responsible for the interblock in-
terference (IBI).

At the receiver end, recovery of the transmitted block s, (¢)
entails two actions: i)elimination of MUI, and ii)elimination of
multipath induced ISI (within a block). These actions are im-
plemented by filterbanks or DSP processors performing block
processing that amounts to multiplying the received blocks by
the matrices G, V7!, W, and B,,,. The first stage of the re-
ceiver for user m consists of J,,, parallel filters {g,n,; () } 'j’;‘o—l,
each of length P. The taps of the filters are given by the entries
of the J, x P matrix G, with (j, p) entry (G0 = gm,i (D).
The matrix G, maps the block x(¢) to an MUI-free block

ym(2): -

ym(i) = GmHmCmsm(i)+Gm77(i)

2We note that error-control codes are not precluded from our GMC-CDMA
system. A possible channel encoder should precede the block-spreading oper-
ation that C,,, implements, and either operate before the S/P converter (e.g.,
as in the case of a convolutional code) or after the S/P converter (e.g., as in the
case of a Reed-Solomon code).
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One of the fundamental characteristics of our physical layer
framework is that code orthogonality is guaranteed irrespec-
tive of the FIR multipath environment. In other words, C,,
G, are selected such that MUI is eliminated in (2) and the
matrix G, H,,,Cyy is full rank irrespective of the channel H,,
The aforementioned requirements are satisfied by the following
procedure [1,6]: each user m is assigned J,, complex numbers
Pm.i (0 < j < Jp — 1), which are termed user m’s “signature
points”. The number of signature points is selected such that:

M-1
P=> Jn+L,Kn=Jn-L,0<m<M-1. 3

m=0

The signature points are used to construct the code matrix Cy,

with (p,k)thentry 0 < p< P -1,0<k < Kpp — 1)
Jm—1
Cmk(P) = Am g PR, )
=0

where A,, is a constant controlling transmitted power. The
receiver matrix G, is built out of the coefficients of the fol-
lowing Lagrange polynomials (0 <'j < J, — 1) [6]:

P-L-1

Z (Gnlj(p-1-n)2"

n=0

- LHJM h 1 —
#=0,A=0 1-
(M) (m.5)

0,0<p<(L-1) 5

-1
Purz

—1
p#x)\pm,j

i

[GM]J',D =

Then, it is proved in [1,6] that the MUVIBI free data for user
mm are contained in:

Hon (pm,0)Sm (4:0m,0)
% ()= Am : +Gnn(i), (6)

Hp(pm,Jm =1)Sm (§iPm, I —1)

where: Hm(z) Yo hm()z~", and

S (i32):= Ykt s (i K + )2 *, m]
To recover the transmitted symbols, let V., be a Jin x Jp

matrix with its (3, j)-th entry given by Amp, ;. Because MUI

has been eliminated from (6), V7! can be applied? to X, (%) to

obtain the single input single output (SISO) vector model:

Ym(i) = HmO@msm (i) + n,(3) , @
where: I:Im is a Jyn X Jin Toeplitz matrix (defined in
the same way as Hp), ©n:=[Ik, xk, Ok.xz]’. and

N, (0):=V1Gnn(3).

3Distinct signature points p,, ; guarantee invertibility of the Vandermond
matrix V.

1t follows from (7) that our GMC-CDMA system is con-
verted to M parallel single-user systems. Any single user
equalizer T'y;, can then be applied to yy, (%) in order to re-
cover the symbols s, (i); e.g., ', = I-It corresponds to
a zero-forcing equalizer. Note that H,, is full-column rank,
which guarantees the existence of the pseudo-inverse HT We
underline that the ability to equalize the frequency- selcctlve
channel is exactly what renders our GMC-CDMA framework
multipath-transparent. Furthermore, the ability to assign a dif-
ferent number of signature points per user enables our GMC-
CDMA framework to support multi-rate/packet-level services
by selecting P sufficiently large.

Making the transmission/reception scheme multipath trans-
parent comes with a price to be paid. From (3), it follows that
while user m is assigned J,, = K, + L signature points, the
L signature points are used to annihilate the L possible nulls of
the physical channel, but only K, are used for transmission of
information symbols. However, if the channel for every user is
known, then the signature points p, ; (0 < j < J; —1) can be
selected such that Hp, (pm, ;) # 0. In this case, K, can be set
equal to Jp,, which minimizes the redundancy at the physical
layer, and guarantees recovery of the transmitted data without
the inversion of the channel matrix [6].

IV. DF RECEIVER

As we saw in Section III, our MUI eliminating codes render
the multi-user channel equivalent to M independent single-user
channels. As (7) suggests, the recovery of the users’ trans-
mitted symbols amounts to inverting the channel matrix H,,
using a zero-forcing matrix inverse or an MMSE-receiver ma-
trix (“Wiener inverse”). Indeed, at high signal-to-noise ratios
(SNR), a linear ZF equalizer structure is expected to equalize
the channel perfectly. However, BER performance can be im-
proved (especially at low SNR) in two ways. First, by exploit-
ing the finite alphabet of the input and taking into account deci-
sions about the symbols in the same block. Second, by whiten-
ing the noise at the input of the decision device. Noise whiten-
ing makes symbol-by-symbol detection optimal; thus, symbol-
by-symbol detection is desirable from a practical point of view.
Therefore, the question which naturally arises is whether there
exists a linear receiver capable of making the noise samples in-
dependent at the input of the decision device. In single-user
block transmission systems, if CSI is available at the transmit-
ter, then joint design of the linear transmit/receive filterbanks
(as a function of the channel and the noise autocorrelation)
assures symbol recovery with white noise at the input of the
decision device [8]. These results could be readily applied
to our multiuser framework because the outer code transforms
the multiuser channel to a single-user channel. Unfortunately,
CSI is required at the transmitter. Fortunately, with a DF re-
ceiver, CSI is not required at the transmitter. Hence, both noise
whitening and exploitation of finite alphabet/past decisions can
be realized through our block zero-forcing (ZF) DF that we de-
velop next.
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The decision feedback equalizer (see Fig. 2) consists of the
feedforward filterbank represented by the K, x J, matrix
W.,., the decision device and the feedback filterbank repre-
sented by the K,,, X K, matrix B,,,. The feedforward filter is
responsible for eliminating ISI from “future” symbols within
the current block, whereas the feedback filter is responsible
for eliminating ISI from “past” symbols. To derive the set-
tings of the DF receiver, let us define the K, x 1 vectors:
Zn(8):=( 2m (i Km) 2m(iKm +1) ... 2 (iKm + Km = 1) |7,
and 8, (1):=[ §m (iKm) Sm(iKm+1) ... 5pn(iKp+ Ky — 1)
]T. Based on (7), and Fig. 2 we obtain:

Zn(i) = WnHnOmsn(l) + Wnn,, (i)  (8a)
§m(z) = zm(i)_Bmém(i) (8b)
Sm(i) = QBm(D) (8¢)

where Q(-) is the quantizer used by the decision device.

Symbol-by-symbol detection is rendered optimal by al-
lowance for “successive cancellation”, and whitening of the
noise at the input of the decision device. Additionally, the ZF-
DFE receiver should guarantee zero-forcing: in the absence
of noise and under the assumption of correct past decisions,
the decision statistic should be equal to the transmitted data:
Sm(t) = sp(?) = 8 (3). In view of (8), the latter translates
the ZF requirement to:_

W.H,0, =B, +1g,_.
Because past decisions are assumed correct, the noise at the in-
put of the decision device is W, m,,, (2), and in order to whiten
it we select W, such that:
WR,,.n.. WX =a diagonal matrix,

where R, .. :=E{n,,(¢)n? (i)} is the autocorrelation of the
noise. Finally, “successive cancellation” is made possible by
selecting the feedback matrix B, strictly upper triangular. By
successive cancellation we mean that for every block indexed
by %, the (K, — 1)st symbol is recovered first; then the estimate
Sm(iKm + Ky — 1) is weighted by the last column of B, and
is removed from z,, (%) so that the remaining symbols can be
recovered. The (K, — 2)nd symbol is recovered next, and the
estimate 5, (1 K, + K, — 2) is removed from 2., (¢). This pro-
cedure is carried out until all the symbols of the current block
1 have been estimated.

It can be verified by direct substitution that the following
assignment of (W ,,, B,,,) satisfies the requirements for the ZF-
DFE receiver:

DU (HpOm) R

Wn = Tm Mm
Um - IKm )

Bn

(9a)
(9b)

]

where U,,, is an upper triangular matrix with unit diagonal
given by the Cholesky factorization of the matrix
H,0,)*R;!, (HnOn,)=UsD,Un,
with D, a diagonal matrix.
One could also trade-off ISI elimination for noise suppres-

sion using a DF receiver which minimizes the minimum mean

square error (MMSE) at the input of the decision device. The
MMSE-DF receiver takes into account the autocorrelation of
the input symbols R s, :=E{sm(i)s? (¢)}, and the autocor-
relation of the MUI/IBI free data R, ;... :=E{ym (})y% (1)} =
(Hn®m)Re,p s, (HnOm)* + (V1Gm)Ryn(VIG)™.
The settings of the MMSE-DF receiver, whose derivation we
omit due to lack of space, are given by:

Bm
W,

Unp ~1In
UnR,,.,. R}

YmYm ?

(10a)
(10b)

where U,, is an upper triangular matrix with unit diagonal
given by the Cholesky factorization of

R+ (ngm)"R;},nm (Hn®,)=U%D,,U,,
with D, a diagonal matrix.

We also study the “successive decorrelator” of [9, pp. 370~
382] (which corresponds to K,, = 1), and we extend it
to our multiple rate framework (K,, > 1). The succes-
sive decorrelator performs symbol recovery and MUI elimi-
nation simultaneously’; it is built as a function of the chan-
nel and the code matrices as follows. As we have seen, dis-
carding the first L symbols of the received block x(z) pro-
duces the IBI-free block y(i):=Rcpx(i) + Repn(2), with
Rep:=[0(p-1)x1 (P—1)x(P-1)]- Hence, we can write:

so(%)

y@) = [RpHoCo. . RepHy—1Cam—i) :
SM-—1 (Z)

+Repm (i)

= H5(1) + Repn(i) (11)

where the (P — L) x 1 vector §(¢) contains the transmitted

symbols of all the users, and the (P — L) x (P — L) matrix

IH::[RCPHC e RCPH]M_lc]M_l]

contains the channels-codes corresponding to each user.

Given the similarity between (7) and (11), we can proceed
as before and design a ZF-DF receiver (SIC) which recovers
all the transmitted symbols. The feed-forward and feedback
filters W, B are given by:

B=U-1p_,, W=D"1U"I(H)",
where U is upper triangular with unit diagonal given by the
Cholesky factorization H*H = U*DU, with D a diagonal
matrix.

The basic difference between the SIC and our multiuser DF
receivers is that our multiuser DF receivers exploit the mutual
orthogonality of the user-codes and, as a result, need to cope
with only the inversion of the channel and the suppression of
the noise. On the other hand, the SIC attempts to combat MUI
and ISI simultaneously. As indicated in the Simulations sec-
tion, the latter does not appear to be the best strategy for our

40ften referred to as Successive Interference Canceler (SIC).
5Hence, it does not use the matrices G, VL.
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system. Before we present our Simulations results, we com-
ment on how possible BER improvements at the physical layer
can be made visible to the network layer.

Code Assignment The m-th user’s effective transmission rate
is determined by the number K, of symbols which are spread
by the code C,, during the transmission phase. For a fixed
upper bound L on the maximum channel order, the number
K,, = Jm — L is in turn determined by the number of sig-
nature points J,,, that are allocated to user m. Supposing a
constant transmission phase, the block size P is fixed, and the
numbers J,,, (0 < m < M — 1) should be selected such that
fair bandwidth allocation is achieved. This is accomplished by
using:
Jm = |5 (P - L)),

which guarantees that during the transmission phase, user m
will be allocated his/her fair share of the bandwidth. Note at
this point that the truncation error is insignificant, because P is
in the order of multiple packet lengths: for wireless ATM, the
cell is 424 bits, which implies that indeed transmission rates of
arbitrarily fine resolution are achieved.

V. SIMULATIONS

Our simulations focus on the physical layer performance of our
DF receivers. We refer the reader to [10] for a study which
shows that indeed improved BER performance at the physical
layer is reflected as throughput increase at the network layer.
Fig. 3 shows the BER performance for a system with M = 3
users, P = 46, L = 4. Each user has ¢ = 1 (equal rate case)
which yields K,,, = 10. The BER curves depict the average of
50 channels with random Gaussian coefficients. We study the
performance of 4 types of receivers: the linear receiver of [1,2],
the ZF-DF and MMSE-DF receiver, and the successive decor-
relator. From Fig. 3 we can deduce the superiority of our DF re-
ceivers. Moreover, we see the suboptimality of the SIC, which
does not manage to separate the users completely and as a result
it yields higher BER than our DF receivers. The same applies
in the following two test cases. Fig. 4 depicts the performance
of the aforementioned receivers when L = 11, M = 3, and
P = 104. The random channels are modeled after the first 12
taps of “Channel A” of [11], which corresponds to a typical of-
fice environment®. Finally, Fig. 5 depicts the performance in
the case of L = 2, P = 74, M = 4; 2 high-rate users have
dnr = 2, and 2 low-rate users have ¢;» = 1. As in the pre-
vious cases, our multiuser DF receivers exhibit improved BER
performance.

6 According to [11], the Taps delays are Delays=[0 10 20 30 40 50
60 70 80 90 110 140 170 200 240 290 340 390] (inns), and
the corresponding average relative powers are AvgRelativePower=[0
-0.9 -1.7 -2.6 -3.5 -4.3 -5.2 -6.1 -6.9 -7.8 -4.7
-7.3 -9.9 -12.5 -13.7 -18.0 -22.4 -26.7] (in dB) - the first
12 taps capture the 90% of the energy.

-]
SNR (dB)
Fig. 3. Receiver Performance, L = 4

GMC-CDMA

T

5| L= SIC

6:

-] 8
SNR (dB)
Fig. 4. Receiver Performance, L = 11

GMC-CDMA

6 8
SNR (dB)

Fig. 5. Receiver Performance, L = 2, High/Low-Rate Case
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VI. CONCLUSIONS

In this paper we have presented multi-user DF receivers for
a block-spread multirate CDMA system. Capitalizing on the
mutual code orthogonality of the underlying system, our DF
receivers, in order to recover the transmitted symbols, need
to cope only with ISI elimination and noise suppression. Fur-
thermore, our DF receivers exploit the block nature of wireless
transmissions and employ FIR structures which implement ex-
actly closed-form solutions for ZF and MMSE equalization. As
a result, our designs exhibit improved BER compared to that
of the linear and the SIC equalizer. Future work includes the
design of multi-element DF receivers which utilize multiple re-
ceive antennas at the basestation (see, e.g., [12] and references
therein).
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