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Abstract—In a mobile ad-hoc network scenario, where commu-
nication nodes are mounted on moving platforms (like jeeps,
trucks, tanks, etc.), use of V-BLAST requires that the number
of receive antennas in a given node must be greater than or
equal to the sum of the number of transmit antennas of all its
neighbor nodes. This limits the achievable spatial multiplex-
ing gain (data rate) for a given node. In such a scenario, we
propose to achieve high data rates per node through multicode
direct sequence spread spectrum techniques in conjunction with
V-BLAST. In the considered multicode V-BLAST system, the re-
ceiver experiences code domain interference (CDI) in frequency
selective fading, in addition to space domain interference (SDI)
experienced in conventional V-BLAST systems. We propose two
interference cancelling receivers that employ a linear parallel
interference cancellation approach to handle the CDI, followed
by conventional V-BLAST detector to handle the SDI, and then
evaluate their bit error rates.

Keywords — Mobile ad-hoc networks, multicode V-BLAST, code domain

interference, space domain interference, interference cancellation.

I. INTRODUCTION

Recently, mobile ad-hoc networks have been receiving in-
creased attention for both military as well as commercial ap-
plications. In a military application context, communication
nodes mounted on moving platforms (like jeeps, trucks, tanks,
etc. in battlefield environments) must be able to form among
themselves, and operate in, dynamic ad-hoc network topolo-
gies. In addition, high data rate transmission on the wireless
links and low media access control overhead are desired. In
such scenarios, MIMO techniques [1],[2] can be employed to
achieve high data rates, and we investigate a MIMO system
that employs spatial multiplexing (V-BLAST) in conjunction
with multicode direct sequence spread spectrum techniques.
The motivation for this approach is as follows.

Use of V-BLAST in an ad-hoc network scenario requires that
the number of receive antennas in a given node must be greater
than or equal to the sum of the number of transmit antennas
of all its neighbor nodes. Compared to a single user point-to-
point VBLAST system, in multiuser V-BLAST ad-hoc net-
works, for a given number of receive antennas in a node, the
maximum number of transmit antennas allowed gets divided
among all the neighboring nodes. That is, the number of spa-
tial degrees of freedom per node gets reduced. This limits
the achievable spatial multiplexing gain (i.e., data rate) for
a given node. In such a scenario, use of multiplexing and
reuse of multiple orthogonal codes on each transmit antenna
in each node can provide additional degrees of freedom in the
code domain, which can be leveraged to achieve increased
data rate capability at each node.

This research was partially supported by the US Army Research Office
under the MURI grant number W911NF-04-1-0224.

In the considered multicode V-BLAST system, the receiver
node experiences code domain interference (CDI) in frequency
selective fading, in addition to space domain interference (SDI)
experienced in conventional V-BLAST systems. A new con-
tribution in this paper is that we develop novel interference
cancelling receiver algorithms for the considered multicode
V-BLAST system. We propose a linear parallel interference
cancellation (LPIC) approach to handle the CDI, followed
by the conventional V-BLAST detector [2]' to handle the
SDI. We propose two detectors, namely, ‘CD-LPIC/SD-SIC
Detector-I’ and ‘CD-LPIC/SD-SIC Detector-11." In Detector-
I, the CD-LPIC cancels the CDI by generating a vector esti-
mate of the CDI, which involves a pseudo-inverse operation
on a modified channel matrix. Because of this, the receiver
complexity is high, but it results in very good bit error per-
formance. In Detector-1I, the CD-LPIC cancels the CDI by
generating a scalar estimate of the interference using less re-
ceiver complexity. For Detector-11, we derive closed-form ex-
pressions for the optimum weights that maximize the output
average signal-to-interference plus noise ratio (SINR).

II. SYSTEM MODEL

We consider mobile ad-hoc networks where each node in the
network is provided with multiple transmit and multiple re-
ceive antennas. Consider a given receive node-of-interest.
Let N denote the number of receive antennas in the node-of-
interest, I denote the number of neighbor nodes of the node-
of-interest, and M, denote the number of transmit antennas in
the ith neighbor node, such that the condition

I
M 2 Y M <N )
i=1

is satisfied. Let K denote the number of orthogonal codes
multiplexed on each transmit antenna in each neighbor node.

The multicode V-BLAST transmitter of the ¢th neighbor node
is shown in Fig. 1. The ¢th neighbor node’s data stream
is demultiplexed into K M; parallel substreams. These sub-
streams are partitioned into M; groups. Each group con-
sists of K substreams, which are spread using different wave-

forms ¢k (t), k = 1,2,--- , K, and are transmitted from the
same transmit antenna. These spreading waveforms c(t),
k =1,2,---, K are reused for the other substreams on the

other transmit antennas of the ith neighbor node, as shown
in Fig. 1. This results in K'M; degrees-of-freedom in the
ith neighbor node’s transmission. The same spreading wave-
forms ¢ (t), k = 1,2,--- , K, are reused in all transmit an-
tennas of the other neighbor nodes as well.

1We refer to the conventional V-BLAST detector in [2] as a space domain
successive interference cancelling (SD-SIC) detector.
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Fig. 1. Multicode V-BLAST transmitter of the ith neighbor node.

Let 7% denote one data symbol duration. The complex base-
band transmitted signal from the mth transmit antenna of the
1th neighbor node over one symbol interval is given by

K

@) =S dP en(t), m=1,2--- M;, 0<t < T,,(2)
k=1
where dl(C )m denotes the data symbol on the kth code, of the

mth transmit antenna, of the ¢th neighbor node. We assume

QPSK modulation. Hence, dgc )m takes one of four complex

values in {(+1 + j)/v2} with equal probability, and ¢, (¢) is
the spreading waveform for the kth code, given by

P—-1
Z Ck,p Y(t
p=0

where T is the chip duration, cy, ), is the pth chip of the kth
code, P = Ts/T. is the processing gain, and ¢ (t) is the chip
waveform, which is assumed to be rectangular, i.e., unity for
0 <t < T, and zero otherwise. The chip sequence, ci ;,

is assumed to be a complex spreading sequence, and is given
by crp = e + 4 , where c(ieal) and c(I;"ag) take
the random values of +1 / \/5 and —1/+/2 with equal proba-
bility. Moreover the ¢ (t) are mutually orthogonal for all k,
ie, >l ek, pef, ,, =0, for ki # ko, where (-)* denotes the
complex conjugate operation.

T.), k=12 K, (3)

(ImatJ)

Channel Model: We consider a frequency selective tapped
delay line multipath fading channel model. The complex
channel impulse response from the mth transmit antenna of
the ¢th neighbor node to the nth receive antenna is expressed
as

L—1
W)=Y hn a0t —1T0), (4)

where L is the number ofzr(esolvable multipath components,
h(l) 1 is the complex fading coefficient from the mth trans-
mit antenna of the ith neighbor node to the nth receive an-
tenna on the /th multipath, and the {hgf)m ,}’s are assumed to
be circularly symmetric complex Gaussian random variables
with zero mean. It is assumed that the {hm l} s are constant
over one symbol duration, and are independent for all n, m, [,

and ¢. The second moment of |h£:)m 1|» €, is assumed to have
an exponential multipath intensity profile, given by

nz:E[\h(” 2]:%@—”, 1=0,1,---,L—1, (5

n,m,l
where (3 represents the rate of the exponential decay of the
average path power. We assume that the delay spread is small
compared to the symbol duration (i.e., L. << P) so that there
is inter-chip interference but no inter-symbol interference.

Received Signal Model: Assuming that all the neighbor nodes’
transmissions arrive synchronously at the receiver, the received
complex baseband equivalent signal at the nth receive an-

tenna, n = 1, 2 -+, N, can be expressed as

M, L-—1
> Y A s (=1L + wat)
i=1 m=1 [=0
I M, L-1 K
_Z Zzhnml Ck(tfch)+wn(t)a (6)
i=1 m=1 =0 k=1

where w,,(t) is the AWGN at the nth receive antenna with
one-sided power spectral density o2. It is assumed that the
channel fade coefficients are perfectly estimated and known
at the receiver. We also assume perfect timing at the receiver.

The matched filter (MF) bank for the kgth spreading code
is shown in Fig. 2. The received signal at the nth receive
antenna, 7,(t), is passed through L correlators (Ith correla-
tor synchronized to [th multipath), each correlated with the
complex conjugate of the koth spreading waveform, cy, (t).
The same is true on all the receive antennas, as shown in
Fig. 2. The output of the /th correlator, at the nth receive
antenna, for the kgth spreading code, ky = 1,2,--- | K;
n=12---,N; [=0,1,---,L — 1, can be written as

Ts+HIT,
thomit = / ralt) e (t

IT,

IT,) dt

I M, L-1 K
Z Z SN hD,  dD Regk(a = 1) + g, (1)
i=1 m=1 q=0 k=1
where  Rioua=02 [~ e, 0t~ (- DT de, ®)
A " Ts+1Te
iy .1 :/lT wa(t) ¢, (¢ — 1T dt. ©

Considering all the correlator outputs from all the [V receive
antennas, the NV L x 1 MF output vector for the kyth spreading
code, Zj,, can be written as

Ziy = [Zko,l,o,zko,l,l»"'vzko,l,L—leko&O"“’
T
ZkU,N,L—%ZkU,N?L—l} . (10)

By rearranging, Zy, can be written in the form

K
Ziy = Yigkodr, + Z Yo kdr +ny,, (11)
k=1,k#ko
where dj, is the M x 1 input data vector given by
(1) L) (1) (I) (I)
dig {dko 17dk0 20" dkg My dko v dk}g M,] (12)
ny, is the NL x 1 noise vector given by
ng, = {nkn,l,[bnkg,l,l,"' y Mko,1,L—15Mky,2,0, """ »
T
Nko,N,L—2> ko, N, L—1| (13)
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As pointed out earlier, the 2nd term in (11) is the CDI for the
koth code, which we would like to cancel using the CD-LPIC.
Towards that end, consider the following operation on the MF

output vectors, for all codes Zy, k =1,2,--- | K:
. K
CDIy, = > YooYl ,Zs, (16)
k=1,ksko

where []T denotes the pseudo-inverse operation. Using (11)
in the above and the fact that Y; & Y k,k = I, we can write

K K
> Yko,kY;zyk (Yk,kdk + D Yi.ds+ nk)
k=1,ks£ko s=1,55k

K K K

CDI, =

on Rx antenna 2 e L = Z Yko,kdk+ Z YkkaYl];,k ZYk,st+ Z YkOale‘L,k ng.
o k=1,k#ko k=1,k#ko s=1,s#k k=1,k#ko
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Fig. 2. Matched filter bank for kgth spreading code.
Y., is an NL x M matrix given by

T
_ T T T
Yige = [Yko,k,hYkU,k,Qv'“’qu,k,N] )

and Yy, . is an L x M matrix given by (15) at the bottom
of this page 2. Note that the first term on the RHS of (11) is
composed of the desired signal components, multipath inter-
ference (MPI), and SDI for the kyth code. On the other hand,
the second term on the RHS of (11) is the CDI for the kqth
code (i.e., interference from other codes to the kgth code).

(14)

We note that detectors in the literature, namely, ¢) the RAKE
receiver for multicode V-BLAST analyzed in [3], which does
not do any interference cancellation, i7) the SD-SIC detector
in [2], which cancels only SDI and treats CDI as merely noise,
and 777) the CD/SD SIC detector in [4], which uses successive
cancellation techniques to cancel CDI and SDI, can be used
to detect the multicode V-BLAST signals in the above.

III. PROPOSED DETECTORS FOR MULTICODE V-BLAST
Here, we propose two interference cancelling detectors for
the multicode V-BLAST system described above. The pro-
posed detectors employ an LPIC approach for CDI cancella-
tion, followed by the SD-SIC detector for SDI cancellation.

A. Proposed CD-LPIC/SD-SIC Detector-1

In the CD-LPIC/SD-SIC Detector-1, the CD-LPIC cancels the
CDI, leaving the MPI and the SDI to be handled by the SD-
SIC. The MF bank output vectors, Zy,, ko = 1,2,--- , K,
are fed as the input to the CD-LPIC. The corresponding CDI
cancelled output vectors, Zko, ko = 1,2,--- , K, are fed to
the SD-SICs.

RRRLIAC ol 1Rk )

Ty =

(1)
o g 1 kg e (1)

17
Note that the 1st term, 77, in (17) is the same as the CDI terl(n )
(i.e., the 2nd term) in (11) which we want to cancel. Hence,
we can view (17) as an NL x 1 vector estimate of the CDI
for the kgth code (i.e., estimate of the interference from other
codes to code kg). This CDI estimate is imperfect in the sense
that, although it exactly recreates the CDI term in (11), it also
generates additional terms (75 and 75 in (17)). Further, the
2nd term, 75, in (17) can be written as

K K K
Z Ykov’*‘Y;,AvawkodkoJr Z Ykoka;L.k Z Yi,ods
k=1,k#k k=1,k#ko s=1,s7k,kq

desired signal leak
Note that the 1st term in the above equation is essentially the

desired koth code signal component that leaked into the CDI
estimate. Consequently, if the CDI estimate in (17) is sub-
tracted from Zjy,,, then some amount of the desired signal is
also removed in the cancellation process. We propose to use
the CDI estimate in (17) for cancellation. We will see later
that, because both these additional terms and the desired sig-
nal leak term are not dominant, even using this imperfect CDI
estimate results in an effective cancellation and thus perfor-
mance improvement. We obtain the CDI cancelled output
vector for koth code, Zko, as

K
Ziy = Zpy —CDIyy = Zg, — Z Yko’kY};kak
k=1,k#ko
K
Yok — Z Yko,kY}z?kYk’akO di, + Iy +ug,, (18)
k=1,k#ko
h S S
where y - _ *ZYko,ij@,k Z Yi.ds |, (19)
k=1 s=1,s7#ko,k
K
Uy, = ng, — Z qu’kYZ’knk‘ (20)
k=1,k#ko

This cancellation operation is done for all codes in parallel.
The CDI cancelled outputs ka ko=1,2,---, K, are fed to
SD-SIC blocks which cancel the SDI and estimate the data
substreams.

(2) (€]
P11 Beg k(D) RN YRR WA

(1) (1) 1) (2) I)
L-1 hy 11 Beg k(= 1) P21 kg k(0= 1) P My 1 Bk k(0= 1) P11 Beg k(= 1) P a1 Bkeg k(0= 1)
Yio ken =
0k = 2
=0
(1) ) _ (1) ) _ (1) ) _ (2) (1)
R R k= LD hUL Ry g (= L) Ry R (= L) R Ry kU= LD R (= L 1)
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B. Proposed CD-LPIC/SD-SIC Detector-11

It is noted that the CDI estimate in Detector-I is a vector esti-
mate, which requires a pseudo inverse operation of the Yy, j,
matrix. A less complex detector can be realized by obtaining
a scalar estimate of the CDI as follows. The MF output on the
lth path, at the nth receive antenna for the kgth code, zj, r 1,

given by (7), can be written as
M; L-1 K

Zko,nl Z YD hgdi ) R k(@ = 1) + kg
i=1 m=1 q=0 k=1
I M
(%)
Z hn m,l k(],
i m=1

— M;

+ Z Z Zzh53>qu‘” Rig.(q — 1) + g0 21)
k=1q=0,q#l i=1 m=1

Note that the 2nd term in (21) is composed of CDI and MPL.
We propose to estimate and cancel this 2nd term from z ;.
Towards that end, consider the following operation:

K L-1
Z Z Zk,n,qug,k (q - l)
k=1 q=0,q#l
Using (21) in the above, we can write

x L

(est)

ko,m,l (22)

I M;
(est) (2) (2)
= 2 T (35 i
19=0,q#l \i=1m=1
L-1 I M;

78

hg:,)m,v‘d(sl) Rk b(r - Q) + Nk,n q) Rko,k(q - l)
s=1r=0,r#qi=1m=1
1 I

M;
3 b mad?) Rig (e — 1)+ Ts + Ts,  (23)
1m=1

i
Z R, S R o (r = q)) Rig,e(q = 1),
oy

Nk n,quo,k(q - l)

Note that the 1st term, T4, in (23) is the same as the scalar
interference term (i.e., the 2nd term) in (21) which we want
to cancel. Hence, we can view (23) as a scalar estimate of the
CDI and MPI for the MF bank output of the Ith path, at the
nth receive antenna for the kqth code. We propose to subtract
this interference estimate I(eswl scaled by a scalar weight,
w;,l =0,1,--- L —1, to obtain the interference cancelled
output on the [th path, at the nth receive antenna, for the koth

code, Zj, n,i, as follows:

Zkq .l Zko,m,l Is::,i)l
L—-1
= Z Z ﬁf)ml ,‘j(f 1—71112 Z Ry k(g = DRy o (1 — q)
i=1m=1 k=1q=0,q#l

+ Jko,nt T Vig,n,is

where oM
Yy ¥ hnmquk,n<Rko,k(q—z><1—wz>

i=1m=1 g=0,q#!

24)

Jko.nil

K L-1
Y S R-0nn)

s=1r=0,r#l,q
K K I

RS S S 3b BT

k=1 q=0,q#ls=1,s#kgi=1 m=1

S Ry (g — DRy s (L — ), (25)

K L—1
—w Y D" nkngRi k(g — 1) (26)

Vegnd = Nigonyl
k=1 q=0,q#l
This cancellation operation is done for all 2y, ,,; for kg =
1,2,---,K,n=1,2,--- N,andl = 0,1,--- ;L — 1in

parallel. The N L-dimensional interference cancelled output
vector for kgth code, Zy,, can then be written as

Ziy, = |Zro1,05Zko 1,1, " 5 Zho 1, L—1, Zk0,2,0, """
_ _ T
Zko,N,L—2, Zko,N,L—1 27
= de0+JkO+Vk0, (28)
where
Iy = [Jku,l,o,Jko,l,h'“7Jko,1,L—17Jko,2,07'-'7
T
']k()yNyL*QaJk(),N,L*l] ) (29)
Vi, = [Vku,l,o,Vko,l,lw--7Vko,1,L—17Vko,2,ow'w
T
VkoyN,L*QaVk(),N,L*l] ) (30)
T
— —T —T —T
Y = [Y1.Y5. . Ya| G1)

Y, is given by Eqn. (41) at the bottom of the next page, and

K L-1
o= (111112 Z Ry k

k=1q=0,q#l

(@ = D) Ry, ko (I — Q)> . (32)

The interference cancelled outputs Zko, ko = 1,2,--- | K,
are fed to SD-SIC blocks which cancel the SDI and estimate
the data substreams. Note that the conventional SD-SIC de-
tector in [2] can be viewed as a special case of Detector-1I
for w; = 0,VI. In the following subsection, we obtain the
optimum weights for Detector-II, w;”", by maximizing the
average SINR at the output of the CD-LPIC.

C. Derivation of Optimum weights for Detector-1I

The desired signal power at the CD-LPIC output on the /th
path received at the nth receive antenna for the koth code ,
Sko,n,1» 1s given by

Skomi = M1 —wa)?, (33)
where K L1
a = > Y Rurla-DRes(-q), G4
k=1 g=0,q9#!
and € is defined in (5). The interference power, U%ko‘m, and

the noise power, U‘z/ko et the CD-LPIC output on [th path,
at the nth receive antenna for the kgth code, are given by
2)

Tigma = M > oy

(ng,k(q_ D1 —wy) —wb

q=0,q#1 k=1
+cwl Q, (35)
where K L-1
> D Riys(r—DRsk(a—r), (36)
s=1r=0,r#q,l
K K L—-1 2
c = M Y Z > Rrgr(a—DRis(—q)| ;37
s=1,s#ko | k=1q=0,q#l
and
J‘Q,kom,l = %(1 + dw? — 2aw), (38)
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1=2, M1=M2=2 (i.e., M=4), K=8, N=4, L=3, $=0.5, QPSK, P=32

—— SD-SIC Detector [2]
— CD/SD-SIC Detector [ 4]
—— Proposed Detector-II, unit wts|
—&- Proposed Detector-II, opt. wts|
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Bit Error Rate
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Fig. 3. BER performance of the proposed CD-LPIC/SD-SIC Detectors I
and II for multicode V-BLAST. I = 2, M1 = My = 2, K = 8, N = 4,
L =3,3=0.5,QPSK. P = 32.

where

K L-1 K L-1
d=> > > D Brokla—DRuz(@—a)R; z(@—1. 39
k=1q¢=0,9#l k=1G=0,q#1
The average SINR at the CD-LPIC output on [th path, at the
nth receive antenna, for the kyth code, is then given by
SINRiy i =

ko,n,l

2 2
UJkU,n,z + JVko,n.l

(40)

The optimum weight for the Ith path, wy™, is the one that
maximizes the above SINR, which can be obtained, in closed-
form, by differentiating (40) w.r.t w; and equating the result
to zero.

IV. RESULTS AND DISCUSSION

In this section, we present the BER performance of the pro-
posed detectors for multicode V-BLAST. In Figs. 3 and 4, we
plot the BER performance of various detectors as a function
of SNR. The various detectors include a) SD-SIC detector
in [2] (i.e., conventional V-BLAST detector), b) CD/SD-SIC
detector in [4], ¢) ‘CD-LPIC/SD-SIC Detector-I,” d) ‘CD-
LPIC/SD-SIC Detector-II" with unit weights, and e) ‘CD-
LPIC/SD-SIC Detector-II’ with optimum weights. We used
Walsh codes multiplied with a common complex random bi-
nary sequence as the spreading codes. We considered I = 2
(2 neighbor nodes), M; = Ms = 2 (2 transmit antennas in
each neighbor node, i.e., M = 4), K = 8 (8 spreading codes
on each transmit antenna), N = 4 (4 receive antennas), L = 3
(3 paths), and 3 = 0.5 (rate of exponential decay of average
path power = 0.5). For the above system parameters, Fig. 3
shows the BER performance for a processing gain of P = 32
and Fig. 4 shows the BER performance for P = 128.

From Figs. 3 and 4, it can be seen that the SD-SIC detec-
tor performs poorly. This is expected, because the SD-SIC
cancels only the SDI and ignores the CDI, which hurts per-
formance. The CD/SD-SIC detector in [4] performs better
than SD-SIC, due to the successive cancellation of the CDI.
This observation corroborates with the results in [4].
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Y1hy 1 Y1ho My

1) (1)
YL-1hy 11 YL—1hy a1

(2)
Y0hy 10

(2)

Y1hy 1

) )
PYLflhn,Z\/Il,L—l YL—-1hy 1 L1

=2, M1=M2=2 (i.e., M=4), K=8, N=4, L=3, p=0.5, QPSK, P=128

—— SD-SIC Detector [2]

—#~ CD/SD-SIC Detector [ 4]

—6— Proposed Detector-lI, unit wts|

107"k . L TS ....| ~©~ Proposed Detector-lI, opt. wts|
< —&- Proposed Detector-I

Bit Error Rate

0 5 10 15 20 25
Average SNR (dB)

Fig. 4. BER performance of the proposed CD-LPIC/SD-SIC Detectors I
and II for multicode V-BLAST. I = 2, M1 = My = 2, K = 8, N = 4,
L =3,8=0.5,QPSK. P = 128.

The performance of Detector-1 is much superior compared
to both SD-SIC and CD/SD-SIC. Also, Detector-I performs
better than Detector-1I with optimum weights. This is be-
cause the CDI estimate of Detector-1 in Eqn. (17) has a larger
dimension (i.e., NL x 1), which results in only a small de-
sired signal leakage in the CDI estimate. The CDI estimate
of Detector-1I with optimum weights, on the other hand, has
a smaller dimension (i.e., a scalar estimate) which results in
a larger desired signal leakage in the CDI estimate. Because
of this, Detector-II performs poorer than Detector-I, but has
less complexity compared to Detector-1. As seen in Fig. 3,
when the CDI is large (e.g., low processing gain P for a given
number of codes K), Detector-II with unit weights can per-
form worse than the CD/SD-SIC and the SD-SIC detectors,
due to an inaccurate estimate of the CDI. However, when op-
timum weights are used, Detector-1I clearly outperforms both
CD/SD-SIC and SD-SIC.

V. CONCLUSIONS

We investigated a multicode V-BLAST system for achieving
high data rates in mobile ad-hoc networks, where communi-
cation nodes are mounted on moving platforms. High data
rates are realized through degrees-of-freedom in the code do-
main, in addition to the degrees-of-freedom in the space do-
main (V-BLAST). In order to handle the CDI arising in fre-
quency selective fading, we proposed two interference can-
celling receivers that adopted an LPIC approach.
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