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random delay.
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1. INTRODUCTION

A practical method called cooperative communications has
been proposed recently in order to approach the theoretical
limits of MIMO technology [1]. Mobile units or relays
cooperate by sharing their antennas, so as to create a virtual
MIMO system [2], thus enabling to exploit diversity and
reducing end-to-end path loss [3].

To achieve greater coverage and capacity, relaying has
been proved to be a valuable alternative [4-7] for future
generations of wireless networks. There are fundamentally
two kinds of relays depending upon whether the received
signal is only amplified and forwarded or is processed
before forwarding, the former is called a nonregenerative
relay (amplify-and-forward relay) and the later is called a
regenerative relay (decode-and-forward relay). A relay can
also be mobile or stationary.

Inserting delays at the relays can make the channel more
frequency selective and enhances system performance [8].
These delays can be totally random or can be predetermined.
In order to take advantage of the obtained frequency
selectivity of the channel, we can either use coded OFDM
signalling or single-carrier system with frequency domain

equalization [3]. However, the equivalent relay channel will
still experience fading dips that may not be resolved by
channel coding or equalization. With channel feedback from
the mobile unit to the relays, optimal coherent combining
of the relayed signals can be obtained and considerable
performance improvement can be achieved [6]. However,
such an improvement is obtained at the expense of huge
feedback information as full channel state information is
needed at the different relays.

The aim of this paper is to optimize the cyclic delays
in a cooperative OFDM relaying scheme with cyclic delay
diversity. Our objective is to improve the coverage and
throughput of the system while minimizing the feedback
information from the mobile unit to the relay stations. For
this purpose, two algorithms are proposed and studied, one
is based on the strongest path and the other is based on linear
approximation of the channel phase. The obtained results
show that both algorithms provide very good performance
which make them very promising for future wireless com-
munications.

The paper is organized as follows: Section 2 presents
the cellular/relay system model. Section 3 introduces the
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FI1GURE 1: System layout of cooperative relaying communication.

delay optimization procedure used in this paper where two
different algorithms are given. Section 4 gives a mathematical
model of the received signal-to-interference+noise-ratio
(SINR) as a function of the number of relays and the
different radio channels. Section 5 gives some numerical
results to illustrate the behaviour of the algorithms and their
performance. Section 6 summarizes the work and provide
some suggestions for further studies.

2. SYSTEM MODEL

Figure 1 shows the cellular/relay system where each cell
consists of a base-station at the center of the cell with
omnidirectional antenna and M relays (placed at half the
distance from the boundary of the cell). Mobile users are
uniformly distributed over the service area. We limit our
study to the downlink and assume an OFDM access scheme
where the same frequency is used in all the cells (reuse 1).

To better illustrate the system, the communication link
within one cell is shown in Figure 2. We assume that the
relays operate in a duplex mode where the first time slot
is used to receive the OFDM signal from the base station
and the second time slot is used to forward a cyclic delayed
version (blockwise) of the signal to the mobile unit while
the base station is silent. We assume nonregenerative relays
where each relay introduces a predetermined cyclic delay,
amplifies the signal, and then forwards it. Hence the mobile
unit receives two versions of the useful signal that can be
combined using maximum ratio combining (MRC) before
decoding.

The cyclic delay is usually assumed predetermined or
totally arbitrary [2, 3]. In this paper, we try to identify the
delays that can be used at the different relays such that the
system throughput is improved.

Destination

RN-M

FiGURrE 2: Cooperative relaying communication in a single cell.

3. DELAY OPTIMIZATION ALGORITHM

Random cyclic delays at the relays do not make the full
use of the multipath channel’s feature since it increases
the frequency selectivity of the radio channel, but does
not remove the fading dips. To optimize the delays at
a given relay, some information about the channel state
between the relay and the mobile unit is needed at the relay.
Perfect knowledge of the channel state will provide the best
performance, but at the expense of a huge overhead where
the channel transfer function at each OFDM subcarrier
needs to be sent to the relay [6]. In this paper, we try to
reduce this overhead by considering the dominant part of the
channel only.

3.1. Delay optimization based on the strongest path

Inserting random delay does not make the full use of the
multipath channel’s feature. An optimal delay allocation
approach using coherent combining in large-scale coop-
erative relaying networks was introduced in [6], but it is
well suited for unlimited feedback communications with
perfect knowledge of the channel, which is hard to achieve
in the practical case. Besides, what we gain from the delay
optimization will be lost on the feedback concerning the
spectrum efficiency. Although we obtain an optimal delay
through this scheme, it comes at expense of the feedback
information required.

In this paper, we only take the best segment of the signal
from each relay into account and thus only a fractional
feedback is required. The benefit of this is with low
complexity of the system and high spectrum efficiency; a
significant performance gain can be obtained by making the
most of the frequency and delay diversity. The idea is locate
the strongest path from each relay, cophase it at the relay,
and adjust the cyclic delay such that they are in phase and
aligned at the mobile unit. This procedure will increase the
power of one path of the equivalent relay channel and average
the powers of the other paths making the equivalent relay
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FiGcure 3: Impulse responses of the initial relay channel i, i = 1,2,3 FIGURE 4: Impulse responses of the three relay channels after delay

in a typical urban environment.

channel appears as Rician fading. Hence each relay requires
information about the time delay of the strongest path and
its phase only. The benefit of this is a good diversity gain with
very limited feedback information.

In order to give a basic introduction to this scheme, let
us consider the case of three relay stations with the channel
impulse responses shown in Figure 3. The strongest path of
each channel is indicated with an arrow.

With the received signals from the relays, the algorithm
operates in the following way.

(i) The receiver (MS) locates the strongest path from the
three different relays, generates an index of their locations
{h, 1,5} and phases as {61, 65,05}, and feed them back to
the relays;

(ii) Based on the feedback information about the posi-
tion of the strongest path and its phase, each relay introduces
the proper cyclic shift (optimized delay) to the signal so as
the peaks of all signals are aligned at the receiver.

Figure 4 shows how the different channels appear at the
receiver side after delay optimization where it is observed that
the strongest paths of the different channels are now aligned
in time.

optimization in a typical urban environment.

(iii) Each relay compensates for the phase of the strongest
path such that when the different signals are multiplexed in
the air, they will add coherently at the receiver. Hence the
total received power of the useful signal will be enhanced.
Figure 5 shows the resulting equivalent low pass of the
fading multipath relay channel where it is observed that
the strongest paths have been added coherently while the
secondary paths have been averaged out and kept low values.

3.2. Linear approximation of the channel phase

The method discussed in Section 3.1 requires channel state
information in the time domain which requires an extra
IFFT operation at the mobil unit since channel estimation for
OFDM is usually done in the frequency domain. One way to
avoid this is by investigating and approximating the channel
transfer function phase directly.

Based on the multipath fading channel model, the
frequency selective channel can be written as

K-1

h(t) = > md(t— ). (1)
k=0
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FiGure 5: Ultimate channel impulse response of the equivalent relay
channel.
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FIGURE 6: Phase variation of multipath fading channel in a typical
urban environment with respect to OFDM spectrum.

Assuming hy is slowly varying, the channel transfer
function between relay i and the mobile unit can be
approximated as

K-1
Hi(f) = Z hkefﬂﬂfﬂ‘ = |H,~(f)|e*j9x(f)' 2)
k=0

Figure 6 shows how the 0;(f) varies with respect to the
frequency f. From Figure 6, we notice that the phase 6;(f)
can be approximated as a linear function:

0;(f) = 0; — 2n7if, (3)

where —277; is the slope of the phase and 6; is a constant
phase. Thus the corresponding channel in frequency domain
is given by

Hi(f) = |Hi(f)| /%)

| Hi(f)] 2240, @

Q

Number of sub-carrier

—*— Channel response for user 1
—©— Channel response for user 2
—*— Channel response for user 3
—— Channel response for user 4
—A— Channel response for user 5

Ficure 7: Channel responses in a typical urban environment
experienced by 5 different users.

Based on the above formulas, the optimized delay 7; for
relay i can be approximated as

1 do;
Ti(f) = _E dj(ff) =T

(5)

Having the estimated delay and the initial phase, each
relay channel will make the necessary cophasing and cyclic
shifting before signal forwarding. The cyclic delayed signals
from the different relays multiplex in the air providing
an overall received signal with higher signal amplitude as
compared to the case of no delay optimization.

3.3. Scheduling

Multiaccess scheme is required to arrange the multiple users
sharing the limited resource. In the interest of maximizing
the spectrum efficiency thus to limit the cost of the system,
which is the main issue from the operators’ standpoint [9],
an OFDMA scheme with frequency scheduling is considered
here.

It should be noted that this scheduling scheme is imple-
mented with priority: one has to give the first priority to
the user suffering the most frequency selective channel (with
the highest standard deviation) and give second priority to
the user having the second highest standard deviation, and
so on. This is not the optimal channel allocation algorithm
with respect to system throughput, but a fair system from
the user’s point of view and at the same time the spectrum
efficiency remains at a high level.

As illustration of the scheduling scheme, we consider five
users per cell. Figure 7 shows the channel frequency response
with respect to different users.
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By means of the scheduling scheme presented above, we
give higher priority to those users who are not more sensitive
to the channel, so as to allocate the subcarriers in a more
efficient way.

Applying the scheduling algorithm, we notice from
Figure 8 that the users are related well with each other on
the spectrum with the help of scheduling.

4. MATHEMATICAL MODEL

To model the system, we consider one communication link
between the base station and the mobile unit within a given
cell. As indicated earlier, the communication is done in
two steps: in the first step (first-time slot), the base station
transmits information to both mobile unit and the relays and
in the second step (second-time slot), the relays forward the
information to the mobile unit while the base station is silent.

Considering cell 0, the received signal at the mobile unit
directly from base stations (BS) during the first time slot can
be written as

Ne—1P-1

T()(t) Z Z hO psz

i=0 p=0

— o)) +20(0), (6)

where s;(¢) is the signal coming from base station i, h(()ljp and

v(()’;, are the channel attenuation and time delay of path p

between base station i and the mobile unit, respectively, N,
is the total number of base stations, and zy(f) represents
thermal noise.

Assuming that the base stations are synchronized, the
demodulated output sample at subcarrier n can be written
as

Ne-l
Ron = HY (Wson+ >, HY (Wsin+ Zow,  (7)
i=1
where
‘ o
Hét)(n) _ Z h(()l,ipeszﬂU(]ypn/T (8)
p=0

is the channel transfer function at subcarrier #, s;, is the
received symbol from base station i at subcarrier n, and Zy , is
zero-mean complex Gaussian random variable with variance
No.

The received signals at the different relays from the base
station within cell 0 are given by

Ne—1P-1

> Z cm,Psl t— vﬂ,),‘g) + zm(t),
i=0 p=0 )

m=0,1,...,M— L

yO,m (t)

Each relay amplifies and retransmits its received signal
with the appropriate cyclic delay while the base stations are
silent. Hence the received signal at the mobile unit from the
different relays during the second time slot can be written as

Ne—1M-1

n=> > ﬁzngm,p)’zm f—Tm,p) +zi1(8), (10)

i=0 m=0
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Ficure 8: Channel allocation to the 5 users after scheduling in a
typical urban environment.

where y’(t) is the cyclic delay version (blockwise) of y(t) and
Bim is the amplification factor used at relay node m within
cell i with

, (11)
\/z 4’P + No/E;

and E; = p;T is the average energy per transmitted symbol of
cell i.

Assuming that the relays are synchronized, the demodu-
lated signal sample at subcarrier n can be written as

N.-1 N.-1
Rl,n = Hl,e(”)so,n + Z Hi,e(n)si,n + Z Gi,e(n)si,n + Zl,n,
i=1 i=1
(12)
where
M-1 _
Hyo(n) = 2. PomGyy) (n)CR (n)e I Comt2mnlon/N),
m=0
M-1 ' ,
Hie(n) = 3 oGl (n)Cy) (e Gomtmnton/N),
m=0
M-1 N.—1
Gie(n) = Z ﬂi,mGﬁ,?(n) Z Cﬁr’:)(n)e—](ei,m+2ﬂnli,m/N).
m=0 k=0
(13)

Ggyi,)(n) is the channel transfer function between relay m of
base station i and the mobile unit at subcarrier n, C,(q?(n)
is the channel transfer function between base station i and
its relay m at subcarrier n, (I; , 0;,) are the optimized cyclic
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TaBLE 1: Simulation parameters. x1074

Parameter Value

Number of subcarriers 128

Noise floor —105dBm

Fast multipath fading Urban/suburban

Path loss exponent («) 3.5

Shadow fading standard deviation 6dB -

Transmit power (base station and relay) 33dBm T

Users per cell 5

Cell radius 500 m/1 km

Channels per cell 20

Number of relays per cell 6

shift and the phase employed at relay m within cell 4, and Z, ,,
is zero-mean complex Gaussian with variance Np.

Combining the direct received signal in (7) and that
from the relays in (12), the signal-to-interference+noise-
ratio (SINR) can be written as

155" | po
_ 2
Zzl‘\icl ! |H(§I) | pi+ NoW

T =

(14)
2
N |Hie | po
SN ([ Hie | + | Giel *) pi+ NoW

where without loss of generality, we have dropped the
subcarrier index n, p; is the average transmitted power of
signal s;(t), and W is the signal bandwidth.

The throughput is derived from the received SINR using
the following expression:

R=CBWlog2<l+g), (15)

where Cg = 1/2 to account for the half duplex operation
of the relay node and the factor 2 is to account for practical
implementation of channel coding and modulation.

5. NUMERICAL RESULTS

Numerical evaluation is performed by system simulation of
a two-tier (19 cells) hexagonal cellular system with omnidi-
rectional antenna and 6 relay nodes per cell as illustrated in
Figure 1. The proposed algorithms are evaluated by snapshot
simulation for the OFDMA system. We assume that users are
uniformly distributed over the whole cells. The number of
active relays for each user is set to M = 3. Mobile units are
uniformly distributed within the area. The multipath fading
channel is modelled as a tapped delay line and based on
the models proposed in [10]. A more detailed list of the
simulation parameters is given in Table 1.

With fractional feedback, delay optimization based on
strongest path further enhances the channel response com-
pared to inserting random delays at relays. Two different
types of channel are considered here: (1) flat fading channel

Number of sub-carrier

—o— With random delay
- -- Without relay
%= With optimized delay

FIGURE 9: A snapshot of a frequency selective channel before and
after adding cyclic delays for the case of three active relays.

and (2) frequency selective fading channel. By adding pre-
determined delays and retransmitting the signal with proper
amplification at relay nodes, this delay diversity scheme leads
a substantial improvement to the system performance.

By properly selecting the cyclic delay for each relay
node, we expect to get a good relay channel that can
improve the communication link of the mobile unit. Figure 9
illustrates the channel transfer function of the relay channel
with and without cyclic delay diversity for a typical urban
environment. It is observed that the initial channel has
been improved and the optimized delays have improved
the channel gains of the different OFDM subcarriers which
make the channel more robust as compared to the case with
random delays.

A performance improvement of the OFDMA scheme
with frequency scheduling is then expected. As our objective
is to assess the performance of the optimized delay scheme,
we limit our study to the case of having the same statistical
channels between the source and relays, as well as between
the relays and the mobile unit. We have investigated the
performance of our system in a typical urban and rural area
environments [10].

The number of active relays within the cell will affect
the received SINR experienced by the user. Figure 10 shows
the received SINR at 5 percentile for a given user and with
different number of active relays. We notice that having
3 active relays is a good compromise between increased
received power and experienced interference.

As we can see from Figure 11, the performance can be
improved by increasing the total number of relays per cell,
but it can be noted that with more than six relays the
system performance has not been improved much. Due to
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-0.5

2 2.5 3 3.5 4 4.5 5 5.5 6
Number of active relays

Ficure 10: The received SINR at 5 percentile with the different
number of active relays on an urban environment with a cell radius
of 500 m.
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Figure 11: Cumulative distribution function of the received SINR
with the different number of total relays on an urban environment
with a cell radius of 500 m.

the infrastructure cost issue, we considered six relays per
cell and we assumed that only three are active at a time.
The following simulations are based on this relay selectivity
scheme.

Figure 12 shows the cumulative distribution function
(CDF) of the combined received SINR with and without
delay diversity over an urban environment when the opti-
mized delay is based on the strongest path and with three
active relays out of 6 relays. Clearly, the optimized delay
algorithm improves the system performance considerably.
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FiGure 12: Cumulative distribution function of the received SINR
on an urban environment with a cell radius of 500 m.
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FiGure 13: Cumulative distribution function of the received SINR
on a rural environment with a cell radius of 1000 m.

An improvement of about 3 dB at 5 percentile of the CDF
compared to random delay is obtained.

In a rural environment, we can see that (Figure 13) the
system has also been greatly improved by about 3dB at 5
percentile of the CDF when introducing optimized delay as
compared to the random delay scheme.

Comparing the results of Figures 12 and 13, we notice
that when the cell radius increases, the performance of
system with optimized delay still remains at a high level.
This feature offers us a good solution to guarantee the
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Ficure 14: Normalized system throughput on an urban environ-
ment with a cell radius of 500 m.
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F1Gure 15: Normalized system throughput on a rural environment
with a cell radius of 1000 m.

service quality in large coverage case and can reduce the
infrastructure cost and at the same time improve the system
performance. The system performance is further evaluated
in terms of system throughput to support our theoretical
derivation. The corresponding normalized throughput for
an urban environment has been evaluated and is illustrated
in Figure 14 and that on a rural environment is shown in
Figure 15. From these simulation results, it is clear that the
system throughput increases when using the optimized cyclic
delay algorithm on different environments. It is interesting
to note that for both environments, relays with random
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FiGUre 16: Cumulative distribution function of the received SINR
for the two optimized algorithms on an urban environment with a
cell radius of 500 m.
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FIGURE 17: Normalized system throughput for the two optimized
algorithms on an urban environment with a cell radius of 500 m.

delay do not improve the system throughput in comparison
to the case without relay. The crossover in the two curves
for random delay and no relay situation occurs due to the
interference behaviour. At high coverage, the SINR decreases
for random delay compared to the case without relay.

By implementing the two delay optimization schemes
proposed in this paper, the corresponding results both in
SINR and throughput are shown below. Figure 16 shows the
cumulative distribution function of the received SINR for the
two optimized algorithms on an urban environment, while
Figure 17 shows the normalized throughput. It is observed
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that the two algorithms perform almost in the same way
with respect to received SINR as well as throughput. The
algorithm based on strongest path performs a little better
than the second algorithm. For the linear approximation
algorithm, we take an approximate of the slope phase curve
(which contains variations) which does not give that accurate
optimum delay but gives us a rough idea of how to estimate
it. On the other hand, the method based on strongest path
tends to give a better approximation of the delay as it adds
the paths coherently.

6. CONCLUSIONS

In this paper, two promising delay optimization schemes
have been proposed based on linear approximation of the
channel phase and the strongest path, for a multicellular
OFDM system with cooperative relays, in order to take
the most advantages of the multipath fading channel by
means of exploiting the potential frequency selectivity. The
obtained results show that the system performance with
delay optimization increases tremendously compared with
random delay diversity. Evaluations in different environ-
ments further shows that the delay of these optimization
schemes is well suited for diverse environments and supports
a large coverage. It should be noted that the relays work
in a distributed manner and no coordination is needed;
besides, both of the delay optimization schemes only require
a fractional feedback to substantially improve the system
performance. It is quite attractive to the operators who
hope to improve the service as well as reduce the system
complexity and cost.

We focused in this paper on the delay optimization with
limited feedback only relying on the strongest path. One
of the interesting points is to investigate how the feedback
affects the system performance and what is the optimum
degree of feedback with respect to the performance/cost
ratio. Implementation of sector antennas will also affect
the results by reducing the interference. In addition, the
introduction of different scheduling algorithms, for example,
always assigning the channel to the user holding the best
SINR, could improve the system performance as well. These
are some points that can be further explored and studied in
the future.
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