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ABSTRACT

This paper addresses some of the opportunities and the challenges
that could arise in the design and analysis of multi-hop systems
that utilize cooperation among several intermediate regenerative
relays to provide reliable high-quality communication between a
source and a destination. This mode of communication can be
viewed as a network-embedded distributed, or extended MIMO
system. Using the infrastructure provided by the uplink cellular
system, we develop and analyze a distributed space-time coding
(DSTC) system based on the Alamouti design. We show that with
limited feedback from the base station, a DSTC system with two
relays, which act as tetherless antennae, is able to induce and col-
lect diversity in a distributed MIMO setup.

1. INTRODUCTION

While short term fades may not be disastrous for establishing or
maintaining connections, or for supporting a desired quality of ser-
vice when there is some node mobility, strong shadowing, shield-
ing and or other longer term link degradations can be major detri-
ments to the connectivity of parts of the cellular system. All the
deleterious effects of the channel become more severe with the po-
tential operation at higher frequencies, which may be needed for
transceiver compactness and desired higher data rates. The envi-
sioned solution based on a distributed space-time framework is to
use cooperating relay nodes as tetherless multiple antennas to ef-
fect distributed spatial diversity and low-power connectivity. De-
pending on the nature and complexity of the system, the nodes can
serve as simple amplify-and-forward relays (i.e., non-regenerative
relays) as in [1, 2, 3]) or became sophisticated proxies that can
carry out detection, storage, regeneration and coding and aid in
routing. In either case, the virtual arrays provide a structure that
can be exploited as an extended MIMO system [4, 5, 6].

Since the introduction of cooperative networks more attention
has been awarded to the analysis of systems using non-regenerative
relays because of the tractability of the resulting relay channel
[1, 3, 7]. Except for a thorough outage capacity analysis at high
signal-to-noise ratio (see [6]), little is know about the performance
of systems with parallel regenerative relays. In this paper we con-
tribute to the area of regenerative relay networks by proposing and
analyzing distributed space-time systems with one and two regen-
erative relays. Unlike non-regenerative relays, regenerative relays
do not naturally induce diversity in the system [8]. However, the
proposed schemes are designed to induce and collect diversity in
the distributed MISO channel by allowing statistical channel feed-
back to the relays and error probability feed-forward. The schemes
are tailored for uplink cellular systems, but can be very well uti-
lized in multi-hop networks without centralized control.
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2. SYSTEM MODEL

We consider an uplink cellular communication system that achieves
mobile user separation at the base station (BS). For the brevity of
our argument we select a time-division multiple access (TDMA)
scheme, but any multiple access schemes that guarantees user sep-
arations is equally promising. In addition to the mobile users and
the base station (BS), we also consider fixed wireless relay stations
distributed especially in areas in which the mobile users might ex-
perience strong shadowing. The relay stations cannot transmit and
receive using the same channel resources because the signal re-
ceived by a relay would be affected by strong interference from
the relay’s own transmitter (i.e., self-interference). In order to
avoid self-interference and to provide the possibility of diversity
reception, a cooperative system requires the separation of input
and output signals at each relay via time, frequency, or if possible
polarization duplexing.

Using a unidirectional transmit antenna at the relay and/or try-
ing to cancel self-interference at the relay after estimating rele-
vant propagation gains, like it is suggested in [4], would require
extra pilot tones and highly separated receive and transmit sig-
nal paths in order to reduce internal signal leakage. Since self-
interference could drive the relay’s receive amplifier into satura-
tion, it cannot be mitigated after the decoding block. In order to
eliminate self-interference we need to assume two orthogonal sub-
spaces for the signals received and transmitted by the relays de-
spite incurring some loss of bandwidth efficiency. If the relays use
two perfectly orthogonal signal subspaces, they can also eliminate
multiple-relay-interference (MRI), which is the interference col-
lected by one relay from all the other active relays in the system.
Highly directional antennas are not guaranteed to eliminate MRI.
In addition they can have a detrimental effect when two relays lie
almost on a straight line with the base station.

There are several ways of generating two orthogonal signal
subspaces. For example, we can allocate 2 different frequency
bands, or 2 different time slots for transmitting and receiving sig-
nals at the relays, or we could carefully design a system that uses
orthogonal polarizations. Because we want to capitalize on the
TDMA setup, we select 2 different time slots for transmitting and
receiving signals at the relays. More precisely, the relays turn off
their transmitters and use that time slot only for receiving the in-
formation signal from the active mobile user, say user m. In the
next time slot the relays turn off their receivers and forward the
information signal to the BS (see Fig. 1). With a time-slotted com-
munication system we can satisfy the stringent limitations imposed
on the size of the cellular radios by using only one antenna at each
transceiver.

Through a relay discovery process and protocol, which is not
the focus of this paper, it is assumed that the mobile user m has
access to 2 relay stations, R; and R>. The relay stations decode
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Fig. 1. Discrete-time equivalent system in active state

the information symbols received from mobile user m and in the
next time-slot forward the regenerated symbols to the BS. In order
to simplify the exposition let us assume, without loss of general-
ity, that two information symbol are transmitted in each time-slot.
Hence, during the generic time-slot ¢ the two relays receive and
decode a signal containing the block s[i] = [s[2i], s[2i + 1]]T
transmitted by user m. During time-slot ¢ + 1 the relays turn off
their receivers and transmit w1 [¢ + 1] and ws[i + 1], which are
functions of the estimates obtained for s[i] at R1 and R». For the
moment we assume that there is no direct communication link be-
tween the mobile user m and the BS. This usually happens when
strong shadowing and extra-cell interference affects the communi-
cation between the mobile user m and the BS. Nevertheless, we
will relax this assumption later. If the transmissions suffer from
the effects of slowly time-varying flat fading, we can write the sig-
nals received at the relay R, and the BS during the ¢th and ¢ + 1th
transmission slots as

r4li] = g4V Es[i] + z4[i], q € {1,2},

1
yli + 1] = hawa [i + 1] + houo[i + 1] + v[i + 1], M

where F is the energy of the BPSK symbols s[2:] and s[2i + 1]
transmitted by the mobile user m. We assume that {z,[i]}2_; and
v[i] := [v1[2i],v2[2i+1]]" are mutually independent complex cir-
cular Gaussian noise vectors with zero mean and covariance matrix
Nol». The effect of the slowly time-varying flat fading is captured
by the random variables {g,}2_,, and {hq}2_1, which we assume
to be independent and with variances {Aq}5—1, and {Qq}7—;, re-
spectively. We also assume that the relay R,, knows the channel
gq perfectly. Hence, given a realization g, of the channel between
user m and relay R, the decision vector for s[i] with maximum
likelihood decoding is §,,[i] = 74[i]/ (v/€gq). The relay R, quan-
tizes £, [4] in order to obtain an estimate of s[i], which can be writ-
ten as 84[i] = [84[24], 34[2i+1]]" = 2sign(&,[i]) — 1. The prob-

ability of error at the relay Ry is €4 := Q(+/2|g1|?¢/Nq), q €
{1,2}, where Q(z) := [ exp(z®/2)dx//2m. Even though
each relay has only one antenna, the two relays can cooperate in
order to implement a distributed space-time coding (DSTC) sys-
tem based on the Alamouti design [9]. To implement the DSTC
system, we select wi[i + 1] := a1[81[2i], —57[2i + 1]] and
wali + 1] := a2[82[2i], §5[2i + 1]]*. The only differences be-
tween w1[i + 1], uz[i + 1] and the classical Alamouti pairs (see
[9]) are the positive coefficients a1 and a2, which will prove to be
fundamental for enabling diversity in the system.

3. RECEIVERS FOR THE DSTC SYSTEM

The main focus of this paper is to propose and analyze the per-
formance of several base station receivers for the DSTC system in
Fig. 1. Since it simplifies the analysis, we first drop the depen-
dency on the block index 7 and then write (1) as a single input-
output equation

_ AUECIN 62(0] s[0] ]

y—hlal |:_91[1] 8*[1}:| + hooz [92[1] S*[l]:| + v, 2
where 04[n] € {—1, 1} with ¢ € {1, 2} are two random processes
that characterize the error event at the relays. More precisely, if an
error occurs at relay ¢ at time n, then 64[n] = —1 and the error
probability is Pr{f,[n] = —1} = 1 — Pr{f,[n] = 1} = &,.
If we process ¥ in (2) with the 2 x 2 orthogonal matrix HY :=
[ath —Oéghz; azh;, a1h1], we obtain [431, LEQ]T = HHy. Due
to the detection errors at the relays, H " does not remove the inter-
symbol interference (ISI) introduced by the MISO channel. Un-
like the standard Alamouti system in [9], which is equivalent to a
system with twice the bandwidth efficiency and a maximum ratio
combiner receiver, the DSTC system is not equivalent with a sys-
tem that optimally combines orthogonal transmissions from R;
and R». To maintain the simplicity of an Alamouti-type system,
the BS will only use

21 =(07|h1|*61[0] + o3| ha|*02[0]) s[0]

. B (3)
+hihsaias (92 [1} —0 [1]) 8[1] +hiaivy —haasve

in order to estimate s[0], even though discarding x» is suboptimal
since information about s[0] is also contained in z2. Note, how-
ever, that if

01[n] = 62[n] Vn, 4)
the ISI is eliminated. Of course, if in addition to (4), 01[n] = 1,
Vn (i.e., no errors at the relays), then the system in (2) reverts to
the standard Alamouti system.

3.1. Unknown {e,}._, at the BS

If the BS does not know {e,}2_,, it cannot make use of the statis-
tics of {04[n]}7_, and there is little do be done in order to come
up with a receiver at the BS. We can assume without loss of gen-
erality that vy = g = V'E since we can include the differences
between the energies of the transmitted symbols at R; and Rz as
part of the average channel energies 21 and 2. Because 01[n]
and 02[n] are not perfectly correlated, (4) does not hold for all n.
However, given that the relays do not introduce “’too many errors”,
it is reasonable to assume that 01[n] = 02[n] = 1, n € {0,1}, in
(3). In this case we decide that

s[0] = 1 has been transmitted only if 21 > 0. 3)

The bit error probability (BER) for the detection criterion in (5) is
P, =Pr(Re{z1} < 0/s[0] = 1) and after some manipulations,
which are not detailed in the paper due to lack of space, we obtain
Po=(1—es+2e)[(1—¢5)Q(as /0w) + £aQ (Re{aa}/ov) +€1]
+.5(es — 2ep){(1 — €5)[Q(Re{B1}/0v) + Q(Re{f2}/0w)]
+ea[QRe{Bs}/0v) + QRe{Bu}/0w)] + 221}, (6)

where €5 := €1 + €2, gp 1= €162, a5 = a%|h1|2 + a%‘hﬂg’
Qg = oz%|h1|2 — a§|h2\2, ap = aqaehihs, f1 = as + 2ap,
Bo = as — 2ap, B3 = aq + 2ap, B4 = aq — 20ap, and

02 := a;No/2. The average BER is P, := E{P,}, where the
expectation is taken over the channels {g, }2—; and {ho}2_,. Itis
now easy to show that the receiver in (5) does not collect any diver-
sity, e.g., with Rayleigh fading channels the slope of P, becomes
-1 as E/Ny increases to infinity.
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3.2. Known {g,}2_, at the BS

Let us digress for a moment and assume that relays R; and Ro
transmit using two orthogonal channels (e.g., two non-overlapping
frequency bands), and consequently, instead of y, the BS receives
Y1 = h191[0]81[0} + v and Y2 = h292[0]51[0} + vo. Note that
the bandwidth efficiency of this system is half the bandwidth ef-
ficiency of the DSTC system in (2). The maximum likelihood
(ML) detection rule is s[0] = 1 only if p([yl7 y2]T/s[0] = 1) >
p([y1,v2]"/s[0] = —1)}, where p([y1,42]" /s[0] = j) is the
probability density function (PDF) of [y, y2]" given s[0] = j.
After some computations, which are not detailed in the paper, the
decision rule becomes
4Re{y1hi + y2h3}/No+

In [(1 €s) +ereo Reuhi} | o oWy Reluahi) i = 0. @)

(1_Es)+€1eNo Re{y1h} }+€ eNO Re{y2h}}

We notice that if we remove the second term in (7), we obtain
the detection rule for a one-hop two-path system with a maximum
ratio combiner receiver. The second term in (7) accounts for the
errors at the relay and it is a non-linear combination of y; and ya.
If one is not concerned too much with bandwidth efficiency, then
one should select orthogonal transmissions at the relays, and im-
plement the optimum combiner in (7) as it offers the best BER.
Hence, the performance of the DSTC system with twice the band-
width efficiency could be at most equal to the performance of the
optimum combiner. This is achieved by the Alamouti system only
for one-hop transmissions. We have established in (3) that in the
DTSC system the Alamouti receiver matrix H™ only mitigates
ISI, and consequently, we expect the DSTC system to perform
worse than the optimum combiner in (7).

The fact that the optimum combiner is a non-linear function of
y1 and y2 is not very helpful in the design of the DSTC receiver.
What we are looking for is a linear combiner even though it is
suboptimal. One could easily find p; € [0, 1] and p2 € [0, 1] that
would minimize the BER of a cooperative system with orthogonal
transmissions at the relays and using the detection rule

1
Re{y1hip1 + y2hip2} 2 0, )
3

or equivalently, one could find the optimum p for a system that
selects s[0]=1 only if Re{y1h] + y2h3p} > 0. Hence, the opti-
mum p is the one that minimizes P. = (1—¢5) Q(1/2ps/No) +
€2 + (e1—¢€2)Q(pa/\/T,), which is the system’s BER with the
detection rule in (8), and where ps := |h1|® + |h2|?p, pa =
|h1|® = |h2|?p, 0, := psNo/2. In this paper we are not interested
in using the performance maximizing p, or equivalently, the opti-
mum p; and p2 in the design of the DSTC system. We actually
prefer the p; and ps that would maximize the SNR after the com-
biner y1hip1 + y2h3p2 because we obtain a reduced complexity
DSTC system. The optimum pair {p1, p2} would only provide a
performance lower bound for the DSTC system. Following the ap-
proach suggested in [1] for a system with one relay, we find that
with two relays we have to select

(1—251)/]\]0 (1—252)/]\70 (9)
14’4&‘1(1*!’;‘1)|h,1|27 1+4€2(1*€2)|h2|2'
We want to emphasize that p; depends only on &1 and |h1|, and
similar for p>. We will see later why this is of paramount im-
portance for implementing the DSTC system. Preliminary simu-
lations using Rayleigh fading channels allow us to conjecture that
there is little to gain when using (7) instead of (9).

p1= and p2 =

At this point we are ready to go back to the DSTC system in
(3). Using the result in (9) we could select 04(21 = pg, q € {1,2},
which implicitly assumes that the BS feeds back the channel mag-
nitudes |h1| and |h2| to the relays R1 and Ra, respectively. Even
though the relays have a fixed position, and consequently, |1 | and
|h2| can be assumed quasi-static, in order to limit the feedback we
prefer to select

ol (1 —2e4)/No
T 144eg(1—eq) E{|hg/?}’

Unlike (9), which ensures maximum SNR after the combiner, the
result in (10) is not the outcome of an optimization. Of course,
one could also take into account the ISI in (3) and select ai =
(1 —2eq)/ (No+4Noeq(1—eq) E{|hg|*} + 4E{|hg|*}), where
qg=1ifqg=2and § = 2if ¢ = 1, with the obvious drawback
that if either channel changes both relays have to recompute their
4. Another possibility is to find the ML detector for the channel
model described in (3). With an ML decision rule we have to select

s[0]=1only if E{p(z1/s[0]=1)}>E{p(zy/s[0]==1}, (D)
where the expectation is taken over the distributions of {6,[0]}2_,,
{0411]}22 1 and s[1]. Writing (11) in terms of {e4}7_,, {hq}% 1
and {ozq}q 1 does not pose any problem and the simulation of the
detector in (11) is straight forward. However, deriving a closed
form expression for the system’s BER, Pi, := Pr(E{p(z1/s[0]=
D} < E{p(z1/s[0] =—1)}/s[0] = 1), in terms of {ag}2—; and
finding the optimum pair {1, a2 } that minimize Py, under some
power constraints at the relay is quite a challenging task. In addi-
tion, the optimum pair {al, a2} has to be computed at the BS ev-

ge{1,2}. (10

{|eq|}2=1) changes and afterwards it has to be plggybacked to the
relays. It becomes clear now why we do not favor using the BER
minimizing {aq }2—; or why we do not select a2 = p,, where the
pair {p1, p2} minimizes P..

The final purpose of our analysis is not to find the optimum
DSTC receiver, but to find a receiver that achieves the right balance
between performance and complexity. With {aq}g:l given in
(10), the BS only feeds back E{|h1|*} to relay Ry and E{|h2|*}
to relay R>. In order to decode s[0] in (3) we select the same
detector as in (5) with the only difference that a4 is now a func-
tion of 4. Estimating ¢, at the BS is not a trivial task. The idea
we are pursuing in [10] is to allow some of the pilot symbols in-
serted by the mobile user m to be amplified at the relays instead of
being regenerated like the information sequence s[n]. In this pa-
per, however, we assume that the DSTC system has perfect knowl-
edge of {e,}2—; at the BS. The BER of the DSTC system with
perfect channel state information is given in (6). We denote the
BER formula with P, to differentiate it from P, in (6), which
is not a function of {e,}7_,. Note that the argument of the Q-
function in (6) is now dependent on {6q}q 1, and consequently,
on {|gq|}2—1. In order to find Paq := E{Ps,}, we numerically
average P, over the channel statistics. Lower and upper bounds
on Pa, := E{Ps,} will be presented in [10].

4. DSTC SYSTEM WITH ONE RELAY

It is enough to consider only one relay when the mobile user m
has a direct link to the BS. In this case the mobile user m would
perform the same task as relay R; during slot ¢ + 1. Unlike the
system in Fig. 1, which could only achieve a maximum diversity
of 2, the one relay system could achieve a maximum diversity of 3
since the BS collects the same information signal from 3 sources
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during 2 consecutive time slots (e.g., time slot ¢ and ¢ + 1). If we
consider h; to be the channel between the mobile user m and the
BS, we can specialize (3) as follows:

21 =(ai|h|* + a3|ha|*62(0]) 5[0]
+h9{h2a1a2(92[1}—1) S[l}-i—h;oqvl—hzazvz (12)

x3=hoa3s[0] + vs,

where z3 is received by the BS from the mobile user m during time
slot . The noise vz is complex circular Gaussian distributed with
zero mean and variance No /2 per dimension, and it is independent
of vy, and va.

The ML detection rule for (12) is equivalent to selecting

s[0] = arg max {L ([xl, 3], s)} , (13)
se{—1,1}
2Re{xgh%}s
where L ([z1,23]",5) =€ :
lw1—ergsl? ) 2 )
81(1—61)6 —203 +.5€1(1—€1) {exp (‘liif;;l )—i—exp (lxigﬁj;‘ )]
2 |z1—-B3s|? le1—Bas|?

+.5¢7 |exp (50— ) texp (T

can also derive a linear combiner receiver which selects s[0] = 1

only if Re {z1as + x3h3p} > 0, where p minimizes the system’s
BER, i.e., Pr (Re {z10s + z3h3p} < 0/5[0] = 1).

}. Similar to (8), we

5. PERFORMANCE COMPARISONS

In order to compare the performance of the different receivers in-
troduced in this paper for the system in Fig. 1, we assume that
{gq}2—1,and {hq}2_, are complex circular Gaussian random vari-
ables with zero mean and average energy A; = A = 1, and
Q1 = Q2 = 1 (equally balanced channels). In Fig. 2 we first
plot P, and we observe that the Alamouti receiver without knowl-
edge of the error probabilities at the relays is not able to collect
any diversity from the relay channel. Second, we plot the perfor-
mance of the weighted-Alamouti receiver described in Subsection
3.2 with the weights given in (10), i.e., P4, and we notice that
the BER of the system has almost slope -2. In Fig. 2 we also plot
P, and we observe that there is little to gain when using an ML
detector with the weights given in (10). The weights in (10) are
not optimum for the ML receiver and that could explain why there
is no performance improvement. For comparison, we also plot P,
which is the performance of the optimum combiner given in (7) for
a system that uses 2 relays with orthogonal channels to the BS and
BPSK transmissions. Even though this system should actually use
a higher order constellation to account for the loss of bandwidth
efficiency, we want to point out the performance gap between P,
and P,, which becomes zero only when the relays decode perfectly
the information symbols transmitted by the mobile user (i.e., the
relay channel in Fig. 1 becomes a standard 2 x 1 MISO channel).
We also want to emphasize that P», is quite close to P,, which
is an important result given the sub-optimality of the weighted-
Alamouti system. As a reference, we plot the performance of the
Alamouti receiver on the 2 x 1 MISO channel, which we expect
to be better than P, since we have not considered path-loss and
shadowing in the channel model.
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