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ABSTRACT

A goal of this paper is to combine the advantageous properties
of multiple access codes (MAC) and space-time transmission
(STT) in wireless relay communication systems. The use of
MAC provides transmission with the separability of the si-
gnals transmitted from multiple users, and STT the diversity
gain. It is shown both by model-based numerical results and
measurement data-based simulation results that the combined
use of MAC and STT achieves significant improvement in bit
error rate (BER) as well as signaling throughput of relay sy-
stems.

1. INTRODUCTION

Recently, relay networks have become one of the core topics
in wireless communications research community due to the
recognition that wireless relay networks shall provide a pro-
mising solution to the coverage problem of 3rd generation
systems and their extensions. Decode-and-forward wireless
relay networks exploit the signaling redundancy in the time
domain without violating the causality. Space-time coded re-
laying exemplifies the concept, where at the first transmission
time-slot the transmitters transmit their originated signals and
at the second time-slot the relay stations forward their neigh-
boring station’s signal in a space-time coded format. The de-
stination receiver has to detect those signals simultaneously
transmitted at the first time-slot, however, the signal separabi-
lity may not always be guaranteed, especially when the desti-
nation has only one receive antenna.

It is well known that multiple access coding (MAC) tech-
niques can always achieve the signal separability at the recei-
ver side in multiple access channels by exploiting the redun-
dancy in the time domain. Despite the redundancy incurred by
MAC, it can achieve the throughput gain due to the increased
number of the codewords having the same code length. Re-
ference [1] proposes a class of MAC for binary phase-shifted
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keying (BPSK) in additive white Gaussian channels. The co-
de proposed by [1] can easily be extended to the system using
quadrature phase shift keying (QPSK) in frequency-flat Ray-
leigh fading channels, where the codewords can be uniquely
decoded at the receiver side regardless of fading channel rea-
lizations, while also increasing the signaling throughput.

Therefore, if MAC is used in conjunction with the space-
time transmission (STT) techniques in relay system, perfor-
mance improvements can be expected due to the two benefi-
cial points, one signal separability, and another diversity gain;
and simultaneously also throughput enhancement can be ex-
pected by the increased humber of MAC codewords. Moreo-
ver, a joint error detection of the direct and relay links with
STT at the destination can further improve the system perfor-
mance. This paper investigates the performance of the relay
networks using the above-stated protocol. In a 3-user and one
destination, as an example, system throughput and bit error
rate (BER) are evaluated.

This paper is organized as follows. Section 2 provides an
introduction to the system model. In Section 3 the proposed
protocols applicable to the introduced system set up are pre-
sented. Section 4 describes the measurement campaigns con-
ducted to collect a data set in a scenario representing a wire-
less relay network. Results of the model-based and measure-
ment data-based simulation are presented in Section 5. Final-
ly, Section 6 concludes the paper.

2. SYSTEM MODEL

We consider a communication system with N+1 nodes, each
having one single antenna, comprised of one destination and
N users, as shown in Fig. 1. The n*" user in Fig. 1 is blocked
from the destination by obstacles. In this case, with the help
of the neighboring users, the signal from the nt" user is re-
layed by neighboring users to the destination and vice verse.
In uplink case for example, the N users transmit their signals
to the destination at the first time-slot. The n*”* user’s signal is
received by the all other N nodes. Hence, the received signal
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Fig. 1. System model with N+1 nodes, N source nodes, one desti-
nation, and the n*" user is blocked.

rp as shown in Fig 2 at the first times lot at the destination
can be expressed as,

N
rp = Z pi.ohi.psi,p + ng, (1)

i=1

where p; p stands for the transmitted power of the ' user,
h;.p the power-normalized channel between the ¢ user and
the destination, s; p the it" user’s transmitted signal, and ng
the additive white complex Gaussian noise with a unit power.
Let us assume that all nodes can decode and forward the
received signal, and that the N-1 neighboring users of the n‘"
user have a perfect connection to the n‘" user (straight das-
hed lines in Fig. 1) and good connection with the destination
(straight lines in Fig. 1). Thus, the N-1 users decode the si-
gnal from the n** user without any error, of which situation
is denoted as rrs — sp,p, and re-encode it in a coopera-
tive manner [2] [3]. At the second time-slot, the re-encoded
signal is forwarded to the destination. The received signal at
the second time-slot at the destination as shown in Fig. 3 is,

rgsp = peheCO(rgrs)+n (2)

with

diag ({\/l)l,D7 -5 \/P(n=1),D>1/P(n+1),Ds -+ \/PN,DD )
h=[h1p,; hn-1),0,P(ns1),0, s AN D],
(©)

and the CO(rgs) being the cooperative transmission for rrs
at the relay stations. Here we limit the total value > p, and
assume that different power is allocated to each relay station
during the cooperative transmission.

Furthermore, it is assumed that the channel between any
of two nodes in the system setup is suffering from an indepen-
dent flat Rayleigh fading which stays the same during trans-
mission of one block. In Egns. (1) and (2), signal-to-noise

ratio (SNR) of the link between the " user and the destina-
tion SNR; p is equal to 10lgp; p. As a reference, we fix the
SNR value of the first user, i.e. SNR; p and introduce two
parameters: SIR and sy r, ,,, Which are defined, respective-
ly, as:

SIR = SNR; p — SNR,, p, 4)

and
d0sNR,., = SNRi1p — SNR, D, )

with1l < u < N and u # n.

3. PROPOSED PROTOCOLS

Based on the system model introduced in Section 2, the follo-
wing protocol is proposed: multiple access coding at the first
time-slot (ref. Fig. 2) to provide the separability of users at the
destination without ambiguity and meanwhile to improve the
total throughput; STT at the second time-slot (ref. Fig. 3) to
achieve spatial diversity gain in flat fading Rayleigh channel;
joint error detection (ref. Fig. 3) to provide additional diversi-
ty gain from two independent transmissions.

3.1. Multiple access coding at the first time-slot

MAC is first proposed by Kasami in [1] which guarantees
for any realization of the real-valued channels the separabi-
lity of symbols belonging to the code book. The Kasami co-
de can easily be extended to complex-valued channel cases.
Assume that the i-th user uses the i-th codebook C; where
1i=ij=N with L; codewords. The transmitted vector S col-
lects the transmitted symbols from the all users be denoted as
S =[s1,p,82,p-.-sn,p] With s; p € C;. Thus, the set S has to-
tally [T)Y, L, elements. Even though each user is allocated to
the same time or frequency, they could be uniquely decoded
and identified without ambiguity at the destination if and only
if, for any vector X with X e SnoY (Y e Sand Y # X)
exists, so that

N

S Vpiphip (X(i) — Y (i) = 0. ©6)

i=1
As an extension to the Kasami’s code [1] defined over the field
GF(2), the code in this paper is defined over field GF(4) with
QPSK. After computer search, 2-user MAC is obtained as C,
={00,11, 22,33} and C = {00, 01,02, 03, 10, 12, 20, 21, 30}.
With the orthogonal radio resource allocation, total signaling
throughput of the two-user system is only 4 bit/symbol with
QPSK. With the 2-user MAC, total signaling throughput is
5.17 bit/symbol. Obviously, therefore, with the same resource
consumption, 2-user MAC outperforms the traditional ortho-
gonal resource allocation scheme with 1.17 bit/symbol through-
put gain. As indicated by Eqgn. 6, the signals from different
users can be separated and uniquely identified at the destina-
tion (The color in Fig. 2 stands for identifiable codeword of
each user), regardless of their channel realizations.
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Multiple access coding at the first time-slot

Fig. 2. The transmission at the first time-slot.

3.2. Space-timetransmission at the second time-slot

At the second time-slot, as a cooperative protocol, distribu-
ted STT is proposed at the relay stations as shown in Fig. 3.
Namely C'O in Egn. (2) now stands for space-time code. Dis-
tributed space-time code is applied to the group of K symbols
rsr = [rrs(1) rrs(2) ... rrs(K)] over the N-1 relay stati-
ons. From each relay station antenna, a complex linear com-
bination of symbols in rg7 or their conjugate complexes is
transmitted. It is assumed that relay stations are synchronized
and no delay difference among STT is observed at the desti-
nation. An simple example of the STT is Alamouti code [2]
over 2 symbols rs1 = [rrs(1) rrs(2)] in T symbol intervals
with coding matrix,

AL(rsz)= rrs(l)  Trs(2) | «  timet
—rrs(2)* rrs(1)* | « timet+T
T T

antenna 1 antenna 2 ™)
where AL (rg7) stands for the Alamouti transmission of rg.
the superscript * denotes the complex conjugate operation.

3.3. Maximum likelihood detection

At the destination, rp in Eqgn. (1) is sent to the maximum li-
kelihood detector directly to recover the transmitted signals,
while rrg p in (2) is sent first to the space-time combiner
and then to the maximum likelihood detector. As a result of
the space-time combiner, #rg p is obtained. Under the as-
sumption that the perfect channel state information (CSI) is
available at the destination, the maximum likelihood detector
minimizes the metric,

2

; (8)

where r represents rp at the first time-slot and 7rg p at the
second time-slot, /I indicates the estimate of the channel ma-
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STT at the second time-slot and joint detection

Fig. 3. The transmission at the second time-slot.

trix including p, and § stands for the possible combination
of the transmitted signals. rp at the first time-slot contains
Hf\il L; combination probabilities, while rz¢ at the second
time-slot has only L,, combination probabilities. Thus, more
users, and more complex the maximum likelihood detector is.

3.4. Joint error detection

After the maximum likelihood detection, the nt" user’s trans-
mitted signal is identified at both time-slots. The red rectan-
gular at the destination in Fig. 3 represent the signals of the
n*" user. Even though the direct link of the n'" user is signifi-
cantly attenuated, the contribution from the direct link should
not be ignored. Now, these two detected vectors of the nt*
user, s, p and Sgs p, are jointly detected. This means that an
error message is returned for the n** user if and only if the
error occurs at the same received symbol position, both at the
first time-slot and at the second time-slot. Otherwise, the si-
gnal could be recovered without error. Therefore, the symbol
error rate (SER) may be computed as,

Perror(s,(k))=1) =
P(error(8, p(k)) =1) x P(error(3rs,p(k)) =1).

9)

In Egn. (9), P(error(8,(k)) = 1) means the SER of the k'"

symbol of the detected vector §,,. The multiplication of P(

error(8,,p(k)) = 1) and P(error(3rs,p(k)) = 1) yields

to the reduction of the SER and enhancement of the system

performance.

4. MEASUREMENT DATA

The measurement data used for the performance verification
was collected in a pedestrian zone of the llmenau city cen-
ter, Germany, using RUSK MIMO channel sounder [6]. This
scenario represents a typical urban deployment of wireless re-
lay network because some users in this scenario have line of



Fig. 4. map of measurement campaigns.

sight (LOS) with base station (BS) (the users at the position
of the red and blue curves in Fig. 4), whereas, some users are
blocked from the BS because of the corner of the buildings
(the users at the position shown as black dash curves in Fig.
4). The signal of the blocked users is relayed by the users in
the LOS regions to the BS.

The measurement setup information of the measurement
campaign could be found in [4]. To match the simulation re-
quirements, the measurement data was pre-processed accor-
ding to what are described in [5]. Finally, SISO flat fading
Rayleigh channels between BS and users are created. The be-
am patterns of the BS and users are shown in Fig. 4 as bright
blue color.

5. SSIMULATION RESULTS

An example scenario with 4 nodes, 3 users and one destinati-
on, is studied in this section to assess the system performance.
As performance measure, we consider signaling throughput
and average BER.

5.1. Model-based simulation
5.1.1. Multiple access coding

A 3-user MAC was used in the simulation that has 4, 4, and
36 codewords for each user respectively. In the same manner
as explained in Section 3.1, it is found that this 3-user MAC
improves the signaling throughput of the three access channel
because of 3.17 bit/symbol sum throughput gain. Based on
the 2-user and 3-user MAC, we can conclude that more the
users, larger the signaling throughput gain can be achieved
using MAC, whereas, more complex the maximum likelihood
detection.

Due to the throughput degradation of the blocked user be-
cause of half-duplexing, we assign the codebook with the lar-
gest codewords to the blocked user (hamely user 3). With the

same symbol frame length, more bits could be transmitted for
the blocked user so that the throughput reduction could be
partly compensated. The other 2 users use the rest two code-
books with 4 codewords. When SNR1 p=SNR2 p=SNR3 p,
the BER performance of the 3-user MAC is shown in Fig. 5.
The curves in Fig. 5 with circle, upward pointing triangle, and
plus sign are the BER curves of user 1, user 2, and user 3 re-
spectively. As a simple reference illustration, the BER curve
of the uncoded case is presented in the same figure. The gap
between the uncoded case and 3-user MAC case is about 5
dB. This 5-dB gain comes from the 3-user MAC design.

5.1.2. Space-time protocol and joint error detection

For the space time cooperative transmission at the relay stati-
ons, 2-antenna Alamouti protocol [2] as described in Eqgn. (7)
is used.

The BER curves of user 3 with proposed protocols in Sec-
tions 3.2 and 3.4 are shown in Fig. 5. The line group with
square stands for the BER results with joint error detection,
while the dashed line group presents the BER results without
joint error detection. Each group has 4 curves. These two
groups show the dependence of the BER performance on SIR
when dsny g, , = 0and on dsxr when SIR = 0, respective-
ly. Both SIR and sy vary from 0 to 15 dB with step 5 dB.
With variable STIR it is observed that larger the SIR is, nea-
rer the curve approaches the curve group without joint error
detection. With the increasing SIR, the contribution of the
direct link comes to be decreased. As a consequence, the gain
resulting from the joint error detection will be reduced and
the joint error detection case will be shifted to case without
joint error detection. With variable dsyg it is observed that
larger the SNR difference between the two relay stations, nea-
rer the dashed line approaches the curves of the 3-user MAC.
As dgn g increases, the system shifts from 2-antenna case to
1-antenna case. The diversity gain will be impaired and the
performance will return to performance of the 3-user MAC
case.

5.2. Measurement data based simulation

As stated in Section 4, the blocked user is placed at the NLOS
regions while the other users are placed at the LOS regions.
For the practical scenario, user 1 and user 2 are placed at po-
sition of the red and blue curves while user 3 is placed at the
position of the black curves. From all user positions, 100 dif-
ferent channel realizations are randomly selected for user 1,
user 2, and user 3 respectively. Ideal power control is assumed
so that the mean SNR value of userl or user 2 over 100 LOS
channel realizations is 10dB, whereas, user 3 has 1dB mean
SNR value over 100 NLOS channel realizations.

Using the 100 sets of randomly selected real field chan-
nel data, the performance of the studied wireless relay system
with proposed protocols can be evaluated and verified. Fig. 6



shows the cumulative distribution function (CDF) curves of
BER performance of user 1, user 2, user 3 with direct trans-
mission, user 3 with Alamouti transmission, and user 3 with
joint error detection. It is observed from Fig. 6 that the per-
formances of user 1 and user 2 are very similar because of
the same mean SNR value. In 70% the case, user 1 and user
2 can achieve tranmission perforamnce with the BER value
smaller or equal than 10~3. As a comparison, the performan-
ce of user 3 with direct transmission is much worse because
user 3 is blocked from BS and has a very low mean SNR
value. In more than 90% case, the BER value of user 3’s di-
rect transmission is larger than 10~!. With the help of user
1 and user 2’s Alamouti relay transmission, user 3’s perfor-
mance can be signifcantly enhanced. In more than 80% case,
the BER value of user 3 with Alamouti relay transmission is
smaller than 10~2. However, even with Alamouti tranmissi-
on, BER perforamnce of user 3 is not better than that of user
1 and user2. The reason comes from the fact that, during the
Alamouti transmission at user 1 and user 2, even though the
mean SNR value stays the same, 10 dB, but more bits per
symbol have to be transmitted for user 3 because of larger
codeword number. With joint error detection at the destina-
tion, CDF curve of user 3 is further shifted to the left side.
Now in more than 90% case, the BER value of user 3 is smal-
ler than 10~2. Furthermore, in the smaller BER value area,
user 3’s BER performance is better user 1’s and user 2’s. This
observation indicates that joint error detection plays a more
important role when the temporary SIR becomes smaller.

Based on both model-based simulation and measurement
data based simulation, the performance of the investigated ex-
ample system has been evaluated and verified. It is observed
that the BER performance of the blocked user can be signi-
ficantly improved with cooperative relay transmission. Joint
error detection at the destination can further reduce the BER
value of the blocked user especially when the SIR value be-
comes smaller. The conclusions drawn in this section can be
easily extend to more general cases: at first to the case where
the number of the relay stations is bigger than 2. In this ca-
se, we can perform user selection technique to select the best
two users to conduct Alamouti relay transmission. Secondly,
the practical application can be extended to more general ur-
ban micro-cell scenarios because of the representation of the
considered scenario.

6. CONCLUSIONS

In this paper, MAC and distributed STT have been studied
for the cooperative relaying wireless communication systems.
The signaling throughput has been calculated to illustrate the
gain of MAC. Furthermore, the BER performance of the 3-
user MAC has been presented to provide insight to the per-
formance benefits achieved by proposed protocols. Using the
real field channel data, the performance of the investigated
system has been further verified.
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Fig. 6. BER performance of user 1, user 2, and user 3 (direct link
only, Relay link only, and joint error detection) based on measure-
ment data.



