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Impact and Use of the Asymmetric Property in Bi-directional
Cooperative Relaying under Asymmetric Traffic Conditions
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SUMMARY  Cooperative relaying (CR) is a promising technique to
provide spatial diversity by combining multiple signals from source and
relay stations. In the present paper, the impact and use of the asymmetric
property in bi-directional CR under asymmetric traffic conditions are dis-
cussed assuming that CR involves one communication pair and one relay
station in a time division duplex (TDD) system. The asymmetric property
means that the average communication quality differs for each transmission
direction because of the difference in signal power between the combined
signals for each direction. First, numerical results show the asymmetric
property of bi-directional CR. Next, in order to evaluate the impact of the
asymmetric property, the optimal relay position and resource allocation are
compared to those in simple multi-hop relaying, which does not have the
asymmetric property. Numerical results show that, in order to maximize
the overall quality of bi-directional communication, the optimal relay posi-
tion in CR depends on the offered traffic ratio, which is defined as the traffic
ratio of each transmission direction, while the offered traffic ratio does not
affect the optimal relay position in multi-hop relaying. Finally, the asym-
metric property is used to enhance the overall quality. Specifically, a high
overall quality can be achieved by, for example, opportunistically switch-
ing to the transmission direction with higher quality. Under asymmetric
traffic conditions, weighted proportionally fair scheduling (WPFES), which
is proposed in the context of downlink scheduling in a cellular network, is
applied to transmission direction switching. Numerical results reveal that
WPES provides a high overall quality and that the quality ratio is similar to
the offered traffic ratio.

key words: cooperative relaying, asymmetric traffic, optimal relay posi-
tion, opportunistic scheduling

1. Introduction

Cooperative relaying (CR) is a promising technique to pro-
vide spatial diversity by combining multiple signals from
the source and relay stations. The performance of CR has
been evaluated in terms of error rate and spectral efficiency
in unidirectional communication [1]-[4]. However, in most
practical communication systems, the destination also has
data to send back to the source, e.g., control signaling or
traffic in both directions. Thus, bi-directional or two-way
communication via relay station has also been actively in-
vestigated [5]-[11].

Bi-directional CR with decode-and-forward protocol
has an asymmetric property, i.e., the average communica-
tion quality differs for each transmission direction because
of the difference in signal power between the combined sig-
nals for each direction, under the assumption that the same
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relay stations are used for both transmission directions and
all stations transmit at the same power. However, to the best
of the authors’ knowledge, the asymmetric property has not
been considered in previous studies. Most previous research
on bi-directional relaying has focused on network coding
or superposition coding to reduce the number of transmis-
sions and enhance aspects of performance such as the total
throughput and error rate [S]—[8].

A number of studies have assumed symmetric traffic or
have not assumed a specific traffic ratio. In [9], the authors
proposed a regenerative strategy to improve the fairness, i.e.,
to maximize the minimum unidirectional transmission rate.
In [5]-[8], only the total throughput enhancement is dis-
cussed; the throughput ratio for each direction is not consid-
ered. In [10], the authors derived the achievable rate regions
of various bi-directional relaying protocols and determined
their relative performance under different relay geometries,
assuming an asymmetric traffic ratio. However, they fo-
cused primarily on symmetric traffic and did not specifically
discuss the impact of asymmetric traffic when maximizing
the total throughput. In [11], the authors investigated the in-
fluence of the traffic pattern on the performance of network
coding in terms of the total throughput and concluded that
the network coding schemes do not provide significant rate
gain when the two-way relaying system has a very asym-
metric traffic pattern. However, they fixed the relay position
and discussed the maximum total throughput with respect to
only the traffic pattern.

In order to maximize the total throughput under asym-
metric traffic conditions, the impact of the asymmetric prop-
erty on the optimal relay position must be clarified. This is
because the asymmetric property may cause the optimal re-
lay position to change depending on the offered traffic ratio,
which is defined as the traffic ratio of each transmission di-
rection, resulting in enhanced total throughput. Note that in
multi-hop relaying there is no need to evaluate the impact
of the asymmetric property on the optimal position, because
multi-hop relaying does not have the asymmetric property.

Therefore, in the present paper, the asymmetric prop-
erty is considered, and the impact of the asymmetric prop-
erty on the optimal relay position under asymmetric condi-
tions is evaluated. Since our primary motivation is not to
propose protocols, but rather to evaluate the property and
enhance the total throughput, we compare a simple CR with
a simple multi-hop relaying, in which four phases are re-
quired to communicate in both directions.

Copyright © 2010 The Institute of Electronics, Information and Communication Engineers



SAEKI et al.: IMPACT AND USE OF THE ASYMMETRIC PROPERTY IN BI-DIRECTIONAL COOPERATIVE RELAYING

Furthermore, in order to enhance the total throughput
of bi-directional CR by exploiting the asymmetric property,
an opportunistic transmission direction switching scheme
is proposed. As stated above, the average communication
quality in bi-directional CR differs for each transmission di-
rection and the instantaneous communication quality also
differs for each direction. Thus, opportunistic switching, in
which the end stations switch to the direction with higher
quality, can enhance the overall quality of bi-directional
communication.

The remainder of the present paper is organized as fol-
lows. In Sect. 2, the system model is described. In Sect. 3,
we show the asymmetric property of bi-directional CR. In
Sect.4, we define the resource allocation problem under
asymmetric traffic conditions and evaluate the impact of the
asymmetric property on resource allocation, as compared to
that of two-hop relaying. In Sect.5, we evaluate the aver-
age throughput of the opportunistic transmission direction
switching schemes exploiting the asymmetric property. Sec-
tion 6 summarizes the findings of the present study.

2. System Model

The system model considered in the present paper is shown
in Fig. 1. In this model, stations 1 (S;) and 2 (S,) communi-
cate with each other using one relay station (R) in the TDD
mode. The relay station is assumed to decode and forward
the received signal using two temporal phases, the durations
of which are equal, and all stations are assumed to transmit
at the same power. In Sect. 4, we assume CR and two-hop
relaying and address the difference in optimal relay posi-
tion between them. In Sect. 5, we address the opportunistic
transmission direction switching schemes for CR and evalu-
ate their average throughputs. In the following, for the sake
of simplicity, we explain the system model in the case of
communication only from S; to S,, as shown in Fig. 2.

Cooperative relaying This scheme is proposed in [2], [12].
In phase 1, both R and S, receive the signal from S;.
In phase 2, only R transmits to S,.

Two-hop relaying In phase 1, only R receives the signal
from S;. In phase 2, R transmits to S,.

2.1 Cooperative Relaying

We introduce instantaneous end-to-end throughput as a mea-
sure of quality. The instantaneous throughput of the CR

from S; to S, at time ¢, denoted as scll:sz(t)’ is assumed
to be expressed as
GRS %min (A, 0. 1555, 0] ()
where
£35, (0 = log, (1 + s Y5 7) @)
£35, (0 = log, (1+1hs,s, 7+, PTrs, ) 3)
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Fig.1  Model of the bi-directional cooperative relay channel.
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Fig.2 Relaying schemes considered in the present paper, where y de-
notes the average received SNR through the S-S, link, yxy denotes the
average received SNR at station Y through the station X-station Y link.

asin [1], [4], which is achieved through maximal ratio com-
bining of the signals from S; and R. Here, y denotes the av-
erage end-to-end signal-to-noise power ratio (SNR), i.e., the
average received SNR through the S;-S, link, yxy denotes
the average received SNR at station Y through the station
X-station Y link, hxy denotes a complex unit-power chan-
nel gain through the station X-station Y link at time #, and
the factor 1/2 represents two phases required for this scheme
[2]. yxy can be expressed as yxy = (dxy/ds,s,)” "y with the
distance between stations X and Y dxy. We assume a flat
Rayleigh block-fading channel, where Ayy is assumed to be
iid. CN(0, 1) and not to change within two phases. Note
that hyy # hyx but E[|hxy|] = E[|hyx|], where E[-] denotes
the expectation operator.

Similarly, the instantaneous throughput of the CR from
S, to S; at time ¢, denoted as f;jzli s, (1), can be expressed as

fls, (0 = %min {55, 0, 555 o) )
where

155, @ = log, (1 + |hSZR|2m) (5)

SR (1) = log, (1+1hs,s, 7 +Ihes, 7, - ©)

2.2 Two-Hop Relaying

The instantaneous throughput of two-hop relaying at time #,
denoted as f>~"°P(¢), can be expressed as

2—-hop _ p2-hop
fS]aSZ (t) - fszﬁsl (t)

| =
3 mm{log2 (1 + |his|27’s]R)’
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log, (1 + |hR52|2)Tsz)}. 7

3. Asymmetric Property

In this section, we show the asymmetric property of CR.
This property is caused by the difference in signal power
between the combined signals for each direction. For exam-
ple, as shown in Fig.2 (a), when S, transmits the signal to
S», S, combines the signals from S and R. In the same way,
when S; transmits the signal to S;, S| combines the signals
from S, and R.

Table 1 summarizes the parameters used in the evalua-
tion. We assume path loss with path loss exponent a. For the
sake of simplicity, the effect of shadowing is not considered.
Let (xg, yr) denote the position of R when assuming the po-
sition of S and S, are (0, 0) and (1, 0). First, R is assumed to
be located on a straight-line segment from S; to S,. The av-
erage end-to-end SNR is set to —10dB, where CR achieves
a higher average throughput than single-hop transmission.

Figure 3(a) shows the average throughput for each di-
rection. The horizontal axis shows the distance of S;-R nor-
malized by that of S;-S,. The average throughput of CR dif-
fers for each direction when the relay station is not located
halfway between end stations, while the average throughput
of two-hop relaying does not differ. We also observe that
the highest throughput of one direction is achieved when
the relay station is located closer to the source than the mid-
point. There are two reasons for this: 1) the combining gain
of received signals at the destination and 2) the throughput
constraint of the source-relay station link to decode the re-
ceived signal at the relay station. Even when R is not on the
straight line segment from S to S,, i.e., ygr # 0, we can also
confirm that the average throughput of CR differs for each
direction when xg # 0.5 as shown in Fig. 3 (b).

4. Optimal Relay Position

In this section, we evaluate the impact of the asymmetric
property on the optimal relay position and resource alloca-
tion. Under asymmetric traffic conditions, resources should
be allocated to maximize the overall quality of bi-directional
communication under the constraint to achieve a given traf-
fic ratio. This maximization is equivalent to a model in real
systems, where each end station is required to send a differ-
ent amount of data as fast as possible.

In single-hop transmission in TDD system, only time
is commonly allocated to achieve the given ratio. In con-
trast, in relaying schemes, not only time allocation but also

Table 1  Parameters used in the present evaluation.
Parameters Values
Path loss exponent « 2

Channel model
Area environment
Average end-to-end SNR y

Rayleigh fading
Noise-limited
-10dB
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the relay position should be optimized. Therefore, we as-
sume these two parameters, namely, the relay position and
the allocated time for such a resource allocation, and com-
pare those in CR with those in multi-hop relaying, which
does not have the asymmetric property, in order to evaluate
the impact.

4.1 Problem Definition

This resource allocation problem can be formulated as fol-
lows:
max 75, E[fs,5s,] + (1-75,) E[fs,s,]

XRYR,TS)
subjectto TSlE[fSl—>Sz] : (1_751)E[f52—>51] (8)
=Tsl ITszzlik,
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(a) Average throughput of each direction when R is as-
sumed to be on the straight line segment from S; to Sa,
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Fig.3  Asymmetric property of CR. The average end-to-end SNR is set
to —10dB.
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where 7g, denotes the allocated time for the communication
from S; to S, per unit time, Ty denotes the offered traf-
fic at station X, and k denotes a given traffic ratio Ts,/Ts,.
Here, . © ([, 20}, s, © (18, 220)
Note that the average throughputs of the communication
from S; to S, and from S; to S; will be 75, E[ fs,-s,] and
(1 —7s,) Elfs,—s, ], respectively. Using this problem defini-
tion, we evaluate the differences between the two relaying
schemes with respect to the optimal relay position and the
total throughput of bi-directional communication.

The communication between S; and S, is assumed to
select one relay station from candidates of relay station.
Here we assume a lot of relay candidates and discuss the
relay position that realizes the largest throughput. Since the
throughput is dependent on a given traffic radio, the optimal
relay position is also dependent on the given traffic ratio.

4.2 Evaluation

Before evaluating the optimal relay position and total
throughput, we address the difference in rate region between
the two relaying schemes.

Figure 4 shows the rate regions of two-hop relaying
and CR, where the relay station is located at S;R/S;S, =
0.2 ~ 0.8. In the figure, each line represents the rate re-
gion at which the relay station is fixed and the allocated
time is changed, and each point on the line is a vector of
achievable rates that can be maintained in each direction si-
multaneously. The parameters used in the evaluation are as
described in Sect. 3. The slope of each bold dashed line rep-
resents a traffic ratio. The optimal point can be calculated
as the intersection of the line in the rate region with the bold
line, where the total throughput is maximized under the con-
straint of achieving a given traffic ratio.

In CR, the line that intersects the bold line changes de-
pending on the slope of the bold line, whereas in two-hop re-
laying, the line that intersects the bold line does not change.
In other words, in CR, the optimal relay position changes
depending on the traffic ratio, whereas in two-hop relaying,
the optimal relay position does not change. Since two-hop
relaying has no directional throughput difference, all of the
lines are parallel. Therefore, the optimal relay position is
independent of the traffic ratio, and only the allocated time
changes. On the other hand, since the average throughput in
CR differs for each direction, the slopes of the lines in the
region are different, and the optimal relay position changes
depending on the slope of the bold line, i.e., the traffic ratio.

Figure 5 shows the optimal relay position to maximize
the total throughput of bi-directional communication under
the constraint of achieving a given traffic ratio. In CR, the
optimal relay position changes depending on the traffic ratio,
whereas in two-hop relaying, the optimal relay position does
not change. In two-hop relaying, the relay position does not
affect the ratio of each average throughput, but rather the
total throughput of bi-directional communication because
there is no difference in average throughput between direc-
tions. Therefore, in order to maximize the total through-
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Fig.4 Rate regions. Each line represents the rate region at which the
relay station is fixed and the allocated time is changed. Each point on the
line is a vector of achievable rates that can be maintained in each direction
simultaneously. The slope of each bold dashed line represents a traffic ratio.

put in two-hop relaying, the relay station should always be
located halfway between end stations. On the other hand,
the average throughput in CR differs for each direction, and,
as a result, the optimal relay position has an effect on not
only the total throughput but also the ratio of each average
throughput. Therefore, the relay station should be selected
according to the ratio k.

The optimal relay position is also dependent on the
end-to-end SNR. Along with an increase in the end-to-end
SNR, the optimal relay position tends to be close to the cen-
ter between S; and S, because the average throughput is
mainly determined by the end-to-end SNR and thus the dif-
ference in average throughput for each direction is small.

Figure 6 shows the optimal total throughput of bi-
directional communication. In order to evaluate the impact
of the asymmetric property caused by a shift in the relay po-
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Fig.5 Optimal relay position to maximize the total throughput of
bi-directional communication.
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Fig.6  Optimal total throughput of bi-directional communication to max-
imize the total throughput. In these figures, RSSTA denotes relay station
selection and time allocation, and TA denotes time allocation.

sition on the total throughput, we assume the CR with only
time allocation (TA), where the relay station is assumed to
be located halfway between end stations. In two-hop re-
laying, the total throughput of bi-directional communica-
tion does not change because the optimal relay position is
unchanged, as shown in Fig.5, and time allocation has no
effect on the total throughput. In CR with only time alloca-
tion, the result is the same as in the case of two-hop relaying
because of the assumption that the relay position is fixed. In
contrast, in CR with both relay station selection and time al-
location (RSSTA), the total throughput changes depending
on the ratio due to the shift in the relay position.

Figure 7 shows the optimal allocated time for the com-
munication from S to S, per unit time. In single-hop trans-
mission or two-hop relaying, there is no difference between
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Elfs,-s,] and E[ fs,—s,]. Thus the optimal allocated time ra-
tio 7s, should be set as 1/(k + 1), which is derived from the
relation 7s, : (1 — 7s,) = 1 : k, and it is confirmed by Fig. 7.

5. Opportunistic Transmission Direction Switching

In this section, we discuss opportunistic transmission direc-
tion switching schemes using the asymmetric property of
CR, especially the difference in the instantaneous commu-
nication quality for each direction. When a traffic ratio is
assumed, the total throughput of bi-directional communi-
cation must be enhanced under the constraint that the as-
sumed traffic ratio is achieved. In this section, in order to
satisfy this requirement, we propose an opportunistic trans-
mission direction switching scheme: weighted proportional
fair scheduling (WPES), and compare two parameters, the
total throughput and the throughput ratio, which is defined
as the ratio of each average throughput, in the WPFS with
those in the maximum total throughput (MTT) and in the
weighted round robin (WRR). Here, we define the through-
put ratio as the ratio of the average throughputs for each
direction derived as a result of the switching.

5.1 Total Throughput of Switching Schemes
5.1.1 Weighted Round Robin

In the TDD system, the end stations have to switch the di-
rection in order to communicate in both directions. In the
WRR, each end station statically switches on periodic bases
ﬁ T and ﬁT, respectively, in order to achieve a given traf-
fic ratio. Then, the total throughput of bi-directional com-

munication fwgg at time ¢ can be expressed as



SAEKI et al.: IMPACT AND USE OF THE ASYMMETRIC PROPERTY IN BI-DIRECTIONAL COOPERATIVE RELAYING

1
fsios, () nT <t < (n+ n +k)T
Swrr(?) =

Ssr58,() (n+ 1 Jlrk)T <t<(n+ DT

®

with any natural number 7.
5.1.2  Maximum Total Throughput

The MTT is an opportunistic scheme to maximize the total
throughput of bi-directional communication. In the MTT
scheme, the end stations switch the direction when the di-
rection with higher instantaneous throughput changes. The
total throughput fyrrr can be expressed as

Svrr(0) = max Ix (), (10)

where X € {S; — S,,S; — S} denotes the transmission di-
rection.

5.1.3 Weighted Proportional Fair Scheduling

In the WPES, the end stations opportunistically switch the
direction depending on three parameters: the instantaneous
throughput, the average throughput, and the offered traffic.
The WPFS was proposed in [13] in the context of downlink
scheduling in a cellular network and provides weighted pro-
portional fairness [14]. In the present study, we apply the
WPES to transmission direction switching in order to both
enhance the total throughput and achieve a given traffic ra-
tio. The total throughput fyyprs can be expressed as

(fx(®)
Wx (1)’

Swers(1) = max Ty (11)
where a is a parameter of the scheduler design, and Wx ()
denotes the average throughput at time 7. As a becomes
larger, the end stations communicate in the direction with
higher instantaneous throughput. Here, Wx(¢) is averaged
using an exponentially weighted lowpass filter parameter-
ized by . Assuming that, at time ¢, the direction X* has the
highest ratio, Wx (¢ + 1) is updated as

(I -pWx@®) +yfx@®) X=X*
(I =)Wx (@) X # X*.

Note that the WRR and WPES are traffic-aware switching
schemes.

Wt + 1) = { (12)

5.2 Numerical Results

Table 2 summarizes the parameters used in the evaluation.
We assume path loss with path loss exponent a. For the
sake of simplicity, the effect of shadowing is not considered.
The relay station is assumed to be located on a straight-line
segment from S; to S,.
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Table 2  Parameters used in the evaluation.
Parameters Values
Path loss exponent « 2

Channel model
Area environment

Rayleigh fading
Noise-limited

107"

Total throughput (bps/Hz)
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Average end-to-end SNR (dB)

Fig.8 Total throughput in one transmission direction. Note that the av-
erage throughput in each transmission direction are equal because the relay
station is located halfway between the end stations.

5.2.1 Trade-Off between Total Throughput and Through-
put Ratio

First, in order to characterize the MTT and WRR, we pro-
vide a preliminary evaluation of the average throughput in
the MTT and WRR. In this evaluation, a system in which
each end station is required to send the same amount of data
k = 1 is assumed, and the relay station is assumed to be
located halfway between the end stations.

Figure 8 shows the total throughput versus the end-to-
end SNR. Note that the MTT always outperforms the WRR
because, in the MTT, the end stations always communicate
in the direction with higher instantaneous throughput. Here,
the relay station is assumed to be located halfway between
the end stations, i.e., the average channel gains of the R-S;
link and the R-S; link are equal. However, the instantaneous
channel gains are different, which leads to the difference in
the instantaneous throughput for each direction.

Figure 9 shows the transmission time ratio of each di-
rection and the average throughput of each direction, when
the average channel gains of the R-S; link and the R-S,
link are different and the average end-to-end SNR is set to
—10dB. The transmission time ratio represents the percent-
age of the actual transmission duration in each direction.
We observe that the transmission time ratio and the aver-
age throughput in the MTT change depending on the relay
position.

In the MTT, when the relay station is located near S,
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Fig.9 Transmission time ratio and throughput of each direction in the
MTT.

S, transmits the signal for a shorter time than S;. This is
because the instantaneous channel gain of the R-S; link is
almost always higher than that of the R-S, link, which is
a result of the average channel gain of the R-S; link being
higher than that of the R-S; link. In this case, there is a sig-
nificant difference in throughput for each direction, whereas
the WRR can achieve the necessary traffic ratio indepen-
dently of the relay position.

In this way, there is a trade-off between the total
throughput and the throughput ratio: the highest total
throughput can be achieved in the MTT, and the throughput
ratio closest to the traffic ratio can be achieved in the WRR.
Therefore, an opportunistic scheme, which can achieve both
high total throughput and a throughput ratio close to the traf-
fic ratio, is required.
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Fig.10  Total throughput of bi-directional communication and through-
put ratio of each transmission direction switching scheme. The relay station
is located at S{R/S1S, = 1/2.

5.2.2 Evaluation of the WPFS

Next, we apply the WPFS to transmission direction switch-
ing in order to achieve both high total throughput and a
throughput ratio close to the traffic ratio. In the follow-
ing evaluation, the relay station is assumed to be located at
SiR/S;S; = 1/2,1/8. The average end-to-end SNR is set to
—-10dB.

Figures 10 and 11 show the total throughput and
throughput ratio. As mentioned previously, the highest total
throughput is achieved in the MTT, and the throughput ratio
closest to the traffic ratio is achieved in the WRR. In con-
trast, the WPFS provides higher total throughput than the
WRR and a throughput ratio that is closer to the traffic ratio,
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Fig.11  Total throughput of bi-directional communication and through-
put ratio of each transmission direction switching scheme. The relay station
is located at S{R/S1S, = 1/8.

as compared to the MTT, where the value of a can be used
to tune the trade-off.

In both Figs. 10 and 11, especially when the traffic ra-
tio is close to the throughput ratio of the MTT, the WPES
achieves better performance with respect to the two param-
eters. In the MTT, the end stations switch the direction de-
pending on the instantaneous throughput of each direction.
On the other hand, in the WPFES, the end stations switch the
direction depending not only on the instantaneous through-
put but also on the average throughput of each direction and
the traffic ratio. When the traffic ratio is close to the through-
put ratio of the MTT, which is derived as a result of the
switching to maximize the total throughput, the WPFES can
enhance the total throughput with a throughput ratio close
to the traffic ratio.
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6. Conclusion

We discussed the impact and use of the asymmetric property
in bi-directional CR under asymmetric traffic conditions in
the TDD system. First, we evaluated the average throughput
of bi-directional CR. Numerical results revealed the asym-
metric property of average throughput in CR.

Next, we discussed the impact of the asymmetric prop-
erty on the optimal relay position and time allocation. In
order to evaluate this impact, we evaluated the differences
between the two relaying schemes with respect to the opti-
mal relay position and total throughput. Numerical results
indicated that, in order to maximize the total throughput of
bi-directional communication, the relay station should be
selected depending on the offered traffic ratio in CR. In con-
trast, the optimal relay position does not necessarily depend
on the ratio in two-hop relaying, i.e., the total throughput
can be improved by using the asymmetric property of CR
under asymmetric traffic conditions.

Finally, we exploited the asymmetric property to en-
hance the total throughput of bi-directional communica-
tion and applied WPFS, which was originally proposed in
the context of downlink scheduling in a cellular network,
to transmission direction switching. Numerical results re-
vealed that the WPFS provides high total throughput and a
throughput ratio close to the offered traffic ratio.
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