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he focus of this article is on analyzing the impact of
the number of hops and the number of transmit
and receive antennas, at the relay nodes, on the
performance of multihop networks. The vision of
future wireless networks includes a greater role for ubiqui-
tous ad hoc networks based on multihop transmissions
between machines and general mobile devices carried
around by users. With this in mind, the standards are set
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to include greater capabilities and specifications regard-
ing ad hoc mesh networks, especially ones that employ
multiple antennas for transmissions. Therefore, there is a
need for an in-depth analysis of the performance of such
networks. In this analysis, we consider equidistant distrib-
uted relays between the source and destination. The sta-
tistics of the channels of all hops and the noise powers at
all terminals are assumed to be the same. The capacity for
the amplify-and-forward (AF) and decode-and-forward
(DF) relaying schemes over the single-input single-output
(SISO) channel is compared. Moreover, we derive a
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closed-form solution of the ergodic capacity in the pres-
ence of Rayleigh fading for multihop wireless transmis-
sions when the DF-relaying scheme and SISO links
between the relay nodes are employed. The quality of
service (QoS) of the single-input multiple-output (SIMO)
and multiple-input multiple-output (MIMO) [Alamouti
space-time block code (STBC)-based scheme] multihop
networks are studied, and their performance is compared
analytically with each other.

The communication networks of the future will be
highly adaptive and flexible. This is due to the rapid emer-
gence of new paradigms that help the communicating
devices in adapting themselves to be able to use any kind
of wireless network in their vicinity. Thus, we have seen a
huge interest in new communication techniques such as
ad hoc and mesh networking, cognitive radios, coopera-
tive networking, and sensor networking. There will be an
exponential rise in the number of wireless devices in the
near future, and many of these will have limitations on
their battery, physical size, and transmission range. Multi-
hop relaying is a promising technique for generating com-
munication between a source and destination node via
some relay nodes when the nodes have limited transmis-
sion ranges. This technique becomes even more attractive
in cases where the direct channel between the source and
destination is subject to a deep fade and the power resour-
ces at the transmitter become limited. In the multihop
relaying technique, every relay retransmits the received
signal after performing some processing of its own. Based
on the processing at the relays, we have different relaying
schemes such as AF relaying, DF relaying, and compress-
and-forward relaying.

In [1] and [2], the three-terminal relay channel was
introduced. In [3], the capacity of a Gaussian-degraded
relay channel was studied. The capacity for different Gaus-
sian single-relay and multirelay channels has been ana-
lyzed in [4]-[7] and [8]-[10], respectively. However,
studying the performance of the relay channel becomes
interesting when considering the fading channel, which is
amore realistic scenario.

From outage probability and error rate point of view,
[11]-[13] have studied the wireless relaying transmission
over fading channels. In [6], the upper and lower bounds
of the ergodic capacity with optimal power allocation have
been derived for a single-relay channel in Rayleigh fading.
In [7], by considering MIMO single-relay channels in Ray-
leigh fading, the lower and upper bounds of the ergodic
capacity have been derived.

This article starts with the analysis of the ergodic
capacity of the DF-relaying technique for the SISO link,
considering that the channel-state information (CSI) of
every hop is available at the corresponding terminal and
the total transmit power of every relay cannot exceed a
threshold. We achieve a closed-form solution for the DF
scheme as a function of the number of hops. Moreover, the
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IN MULTIHOP NETWORKS, THE DIRECT
TRANSMISSION BETWEEN THE SOURCE (TX)
AND DESTINATION (RX) IS SO WEAK THAT
SOME RELAYS HAVE TO BE EMPLOYED ON THE
PATH BETWEEN THE SOURCE AND
DESTINATION TO AID COMMUNICATION.

performances of AF and DF schemes are compared with
each other from an ergodic capacity point of view. The anal-
ysis highlights the important fact that decreasing the num-
ber hops can increase the ergodic capacity of the multihop
transmission in the high signal-to-noise ratio (SNR) regime.
Increasing the number of antennas at the transmitter
and receiver sides can increase the diversity order. This
method is used to reduce the number of hops in the net-
work for a given QoS. Extracting the benefits of the spatial
diversity to decrease the number of hops is the main goal
of this analysis. Different multihop schemes, such as
MIMO (Alamouti STBC-based) and SIMO, are compared.

System Model
In multihop networks, the direct transmission between
the source (TX) and destination (RX) is so weak that some
relays have to be employed on the path between the
source and destination to aid communication. Figure 1
illustrates the model of multihop relaying between the TX
and RX over M hops using SISO links between the relays.
The received signal at the ith relay is given by
yi=vPs-hi-xioi+vi, i=12 ..M (D
where P; is the transmit power of the nodes, which is
assumed to be the same for all the relays; x;_; denotes the
signal transmitted by the (i — 1)th relay; h; is the SISO
quasi-static frequency flat-block fading channel between
the (i — Dth and ith relay nodes and is modeled with
independent, identically distributed, zero-mean, cir-
cularly symmetric, complex Gaussian (ZMCSCG) random
variables, with the variance depending on the number
of hops. Moreover, v; is the additive white Gaussian
noise (AWGN) for the ith relay, which is also modeled
as ZMCSCG. Note that, in this analysis, the transmit power
of the relays is assumed to be constant, and by changing
the number of hops, the transmit power of the relays
does not change. In other words, we consider an individ-
ual power constraint. It is assumed that the variance of

X RX
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FIGURE T The model of AF relaying for multihop scenarios.
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the noise (¢?) is the same for all of the relay nodes.
Assuming equidistant relay nodes, all located on a
straight line between the TX and RX, the channel variance
corresponding to all the hops is the same. Because the
statistics of the channels are the same for all hops, we
can drop the subscript i, which refers to the hop number,
and write

En{|h*YY ) = En{|R[} = &y = & - M7, )

where E{-} stands for the statistical expectation, ¢; is the
channel variance corresponding to the direct channel
between the source and destination, &), denotes the
channel variance of the channels by using M relay nodes, o
is the path loss exponent, and | - | denotes the magnitude
of a complex number. As (2) implies, increasing the num-
ber of hops increases the channel variance by decreasing
the distance between the relay nodes. By considering a
reference distance to describe the path loss of the
channel, we can define the maximum number of hops. In
other words, by using the maximum number of hops,
the length of every hop is the same as the reference
distance, and the channel variance of each hop is one.
If the maximum number of hops that can be used in
the transmission is denoted by M, then using (2), we
can write

fM:Ma-q“l:(M)“
o).

Sir Ma'il

We know that by using the maximum number of hops,
the path gain will be one (&;; = 1). In other words, we
employ so many relay nodes that the channels do not
deteriorate the signal power. Therefore, we can write

by = (%) Ay, 3

Considering the fact that the channels are all modeled
as ZMCSCQG, it can be concluded that the distribution of
the magnitude of the channel is %> with two degrees of
freedom. If g denotes |h|?, the probability density function
(PDF) and cumulative distribution function (CDF) of
g ~ 3 for g € [0, 0) can be written as

fo(q) = % ~ eXp(— %) ,
Fo(@) =1 - exp(~7). )

The instantaneous CSI of h; is known at the next relay
node, r;. With the aid of the known CSI at the relay, the
channel phase is compensated at the relay nodes. Depend-
ing on the relaying scheme, the relay nodes do some
processing on the received signal before forwarding the
signal to the next relay node.
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Analysis of the Ergodic Capacity

for the Relaying Scheme

Because the channel capacity is an indication of two impor-
tant factors, the error probability and rate of the transmis-
sion, we consider the ergodic capacity as a parameter for
studying the performance of a multihop network.

Comparing AF- and DF-Relaying Schemes

First, we compare the most popular relaying schemes, AF
and DF, for the SISO links between the relay nodes from
the capacity point of view. We know that the capacity for
the DF scheme is given by

CDF = llwmin{cl,(:2, .. ‘vCM}

1 .
= A7110g2(1 +min{yy, Y, -5 Y s

where y; denotes the received SNR for the ith hop and ¢; is
the channel capacity of the ith hop. The ergodic capacity
for the AF scheme is given by

1
CAF = M lOg (1 + Vtotal)v

where yi.ta Stands for the received SNR at the destination.
It is shown for the AF scheme that the relays amplify the
received noisy signal. Therefore, the SNR is not changed
after amplifying. On the other hand, the amplified signal is
attenuated over the channel toward the next relay, and
the antenna at the relay adds some noise to the received
attenuated signal. Therefore, the received SNR decreases
by forwarding over the hops. Let the kth hop be the weak-
est hop between the source and destination for the DF
scheme. Considering the aforementioned facts about the
AF scheme, one can easily show that y,, < 7, and

1
Cor = M1032 (1 + min{yk}),
Cor > Car. ®)

This comparison is also shown through a simulation
for a different number of hops and varying the transmit
power of nodes. The result of the simulation is illustrated
in Figure 2.

DF Relaying

In the DF transmission, the relay nodes fully decode the
received signal and reencode it before transmission. Using
the result in [3], the overall system capacity cannot be
larger than the capacity of each hop. Therefore, the
ergodic capacity of the DF relay network with M hops is
written as

1 .
Cor = " E{min{cy,cy, ..

S emth Q)
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where c; is the channel capacity of the ith hop. The instan-
taneous capacity of the ith hop is expressed as

Py
i = togs (14 21 ?). @

Considering equidistant relays and the same dis-
tribution for all channels h; (i = 1, 2, ..., M), the dis-
tribution of the instantaneous channel capacity of
all hops is the same. For simplicity in writing the equa-
tions, we use ¢’ as the instantaneous channel capacity
of hops. Using (4), we can rewrite the PDF of ¢ =
log,(1+p-q)as

2¢ 1) 2¢ . In(2) ®

@ e -E ) E 0@,
where ¢ denotes \h,-\z and p = P/ 03. In the next step, we
have to find the distribution of Cpr = ;min{cy, ¢z, ..., ey}
It is obvious that M- -Cpr =c¢; if ¢; < cp, where k=
{1,2,...,i—1,i+1,...,M}. This expression can be
written as

M
P(M - Cor = ¢) = P(c)) - [ [ P(ci = e,

k=1

i#k
and the PDF of ¢” = M - Cpr can be expressed as
M
for(¢) = (" |e) - (o),
=1

29 In(2)-M 2¢ —1
_4p~V exp( M o) ©))

Using the PDF of ¢, the average of Cpr is obtained as

[E{CDF} = ]ll/[/ P fC”(C")dC”,
0

() el )
_ 'V p-V
- M -1n(2) ’ a0

where Ei(x) denotes an exponential integral. It is more
interesting to understand, analytically, how the ergodic
capacity changes with respect to the number of hops.
It is true that the number of hops can be only natural
numbers, but for simplicity, we assume that M is a
real positive number. Therefore, remembering that
V= <‘Ijl/1 /M , we calculate the derivative of E{Cpr} with
respect toMas

8[E{CDF} _ exp (le]JW("’l)) ’ El(_ p-A%"’l))'
oM =D+ 1 (-1
(M? -1n(2))

an
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FIGURE 2 Comparing AF and DF schemes from ergodic capacity
point of view for different number of hops.

By comparing (11) with zero and studying its sign, we
figure out that (11) is negative in the high-SNR regime
and is independent of the choice of «. However, in the low-
SNR regime, the choice of « plays a decisive role in deter-
mining the sign of (11). This phenomenon is shown in
Figure 3, where x = (M /M) - pC-1/==D.

Figure 3 shows that, in the very low-SNR regime,
changing the number of hops cannot result in an
improvement in the performance of the transmission,
while in the intermediate-SNR regime, increasing the
number of hops can increase the performance when the
environment imposes a higher value of the path-loss
exponent. Figure 4 also confirms this conclusion. In

dE (Cpp)/dM

— =35 |]
— a=4 ||
a=45

0 0.2 0.4 0.6 0.8 1
X

FiGURE 3 The differentiation of E{ Cpr} with respect to M, where
x = (M/M) - p="*=") and M = 10.
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IN A NON-LINE-OF-SIGHT OR RELATIVELY
LOSSY ENVIRONMENT, THE RELIABILITY OF THE
TRANSMISSION IN THE LOW-SNR REGIME IS
IMPROVED BY USING MORE HOPS

Figure 4, the analytical result of E{Cpr} versus p is illus-
trated for a different number of hops and different val-
ues of o by using (10).

The analysis of the ergodic capacity for the DF
scheme shows that improving the performance of
the transmission by changing the number of hops
depends on different factors, such as the SNR regime,
the path loss exponent, and the distance between the
transmitter and destination. In a non-line-of-sight or
relatively lossy environment, the reliability of the
transmission in the low-SNR regime is improved by
using more hops, while in the high-SNR regime, it is
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FIGURE 4 Analytical result of E{ Cpr } versus p = Ps/a? for different num-
ber of hops and different path loss exponent (x). (a) « = 4 and (b) o = 2.
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always more reliable to decrease the number of hops
without the need for taking any environmental condi-
tions into consideration.

Number of Receive Antennas

and Number of Hops

We have shown that reducing the number of hops
improves the performance of the transmission, especially
in the high-SNR regime. However, reducing the number of
hops also causes an increased bit error rate and thereby a
drop in QoS at the destination. One attractive method for
reducing the number of hops and ensuring the QoS is
to employ additional antennas at the TX and/or RX side
and/or relays. By using more antennas, we can extract
the benefits of the MIMO channels and increase the range
of transmission.

The goal is to study the performance of the transmis-
sion over an optimum multihop route that is found based
on MIMO, SIMO, and SISO links. We assume that the num-
ber of transmit and receive antennas are the same for all
hops. Moreover, the selection methods of the transmit
antennas are not considered in this article. For simplicity,
we do not consider more than two antennas at the TX side,
and we study only the Alamouti STBCs-based scheme for
the MIMO multihop network.

Optimum Multihop Network

Assuming that we can put the relay nodes wherever
required between the transmitter and destination and
the number of antennas at the relay nodes are not limited,
we can generate a multihop network for varying number
of transmit and receive antennas. This multihop network
is optimum in terms of the number of hops because
we use the least number of hops for a given threshold of
the QoS.

Assuming that the average of the loss of the channels
of all hops and the noise at the relays are identical, the
symbol error rate (SER) is the same for all hops. The SER
at the destination is written as

SERota1 < 1 — (1 — SER)Y, (12)

where M and SER denote the number of required hops
and the SER of one hop, respectively. Let SERy;, denote the
maximum allowable SER at the destination. In other
words, SERy, is the given threshold for QoS. Now the goal
is to find the minimum number of required hops under
this SER constraint.

In general, for maximum-likelihood estimation, the
probability of the SER in the AWGN channel can be
approximated as

d
SER ~ N, - Q ”Tm , (13)
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where Q represents the (Q-unction, which is the tail
probability of the standard normal distribution, and V,, 5, and
dmin denote the number of nearest neighbors, the average of
the SNR at receiver after receive combining, and the minimum
distance of separation of the underlying scalar constellation.

Using the Chernoff bound Q(x) < 1/2-exp (—x?/2),
and considering the fact that the energy is shared equiva-
lently between the transmit antennas, (13) can be
bounded for high-SNR regime, which yields

_ ~92 -D
Ne M\* d_.
SER < 5 <p~ (M) TN m;{‘,f) , (14

where N, and D denote the number of transmit antennas
and diversity, respectively, and p = E;/Ny, where E; and
Ny/2 represent the transmit energy per symbol and noise
power spectral density, respectively.

SISO Multihop Network

Substituting D = 1 in (14) and its result in (12), the SER at
the destination for SISO multihop network over M hops in
the high-SNR regime is given by

_ 5 S\ M
Ne M\* p'dmin
1‘7'((74)' 1 ) S

SIMO Multihop Network

Using maximal ratio combining at the receiver, the received
SNR is maximized and the diversity gain (D) is the number
of received antennas (/V,). Using this result and (12) and
(14), the SER at the destination for SIMO multihop network
over M hops in the high-SNR regime is obtained as

SERgiso < 1 —

_ - 1N M
Ne M\* p'dmin
1 e (M) 'T] . (6)

ER. 1-—
SERsimo < 3

MIMO Multihop Network for the Alamouti
STBCs-Based Scheme

Since the Alamouti scheme extracts a diversity order of
2.N,, the SER at the destination for MIMO (Alamouti
STBCs-based) multihop network over M hops in the high-
SNR regime can be written as

Ne | (M\* p-d2, 2N\ M
SERAlamouti < 1 — 1—79 (T> .2 Tmin

M 8
an

Comparison between MIMO (Alamouti
STBCs-Based), SIMO, and SISO

Multihop Networks

The purpose of using SIMO and MIMO links in the multi-
hop networks is to increase the diversity and extend the
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FIGURE 5 Minimum number of hops versus transmit energy per
symbol for SISO, MISO, and MIMO (Alamouti STBCs-based)
multihop networks for different number of receive antennas, where
M = 40 and SERy;, = 0.01.

transmission distance, which leads to a decrease in the
number of hops. In the analysis in the last section, we have
assumed that the devices were equipped with a large
number of antennas. However, this assumption cannot be
accomplished in a real scenario. Therefore, we will
need cooperation among users with a limited number of
antennas or just one antenna each. By using this coopera-
tion, we can exploit the benefits of the spatial diversity,
and, at the same time, we render the users busier due to
their participation in many transmissions and, thus,
increase the interference in the network. Also, some
synchronization mechanism will become necessary at the
transmitter side. Considering these facts, it becomes more
important to figure out the conditions in which increasing
the number of antennas is worthwhile. In this section, we
compare SISO, SIMO, and MIMO (Alamouti STBCs-based)
multihop with respect to the number of hops and the rate
of transmission.

This simulation has been done in MATLAB for the
scenario based on Rayleigh fading channels and additive
noise at the antennas. The noise variance is assumed to
be the same for all receive antennas, and the variance of
the channels depends on the number of relays between
the source and destination. In this simulation, we will fig-
ure out how much gain we will obtain in a multihop net-
work by increasing the number of antennas. In this
simulation, we determine a fixed value of an SER as a
threshold of the SER for the entire transmission. By
implementing (15)—(17), the minimum number of hops is
computed for a given transmit energy per symbol. It is
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THE ANALYSIS POINTS TO THE FACT THAT THE
SLOPE OF THE INCREASE IN THE GAIN AND THE
DECREASE IN THE NUMBER OF HOPS BECOMES
SMALLER BY INCREASING THE NUMBER OF
RECEIVE ANTENNAS.

obvious that the SER of the entire transmission should
not exceed the fixed threshold. The minimum number of
hops versus the transmit energy per symbol for SISO,
MISO, and MIMO (Alamouti STBCs-based) multihop net-
works for the different number of receive antennas has
been simulated. The result of this simulation is illus-
trated in Figure 5.

We can see that the obtained gain by adding just
one receive antenna to the SISO case and, thus, creat-
ing a SIMO link is much higher than the gain by adding
one receive antenna to SIMO (N, = 2). Figure 5 shows
that adding receive antennas is more effective at
lower orders of SIMO. In other words, the amount of
gain decreases when a receive antenna is added if the
order of the receive array was already high. The effec-
tiveness of increasing the number of transmit antenna
can also be seen clearly, by comparing SIMO and Ala-
mouti STBCs-based curves with the same number of
receive antennas, in this figure. The comparison
between SIMO and Alamouti STBCs-based MIMO is
performed from the total number of antennas point of
view. Under the condition that the total number of
antennas is the same for both Alamouti STBCs-based
MIMO network and SIMO multihop network, we can
see that the gain by SIMO will always be better than
Alamouti STBCs-based MIMO. Thus, for cooperative

4.5 ' ' i : : :
-o- SISO : : i g
4_V Cwe SIMO (Nr=2) S ........ ...... 0_
3.5t —o— SIMO (N,=3) ?1*
ol —o- Aamouti(N=1) | qf
—%— Alamouti (N,=2) | : : I
250 —o- Alamouti (N, = 3) o o 'E";oo',‘;

Rate

FIGURE 6 Rate of the transmission based on the computed mini-
mum number of hops in Figure 5.

a6

MIMO, when the antennas belong to different devices,
if the position of a device is somewhere in the middle
of the transmitter and receiver, it gives us more gain if
this device is used as an antenna element of the
receiver side.

Another important comparison is the one concerning
the rate of transmission. Our system is based on DF
relaying, so the mutual information for the multihop
case is given by

1

M~mil’l{11,12, ...,IM}, (18)

Ipr =

where [; is the open-loop capacity of the ith hop (no
channel knowledge is available at the transmit relay) and
given by

I; = log {det([N, +§~ (%) ‘H.HH)}, (19)

where the elements of H € C¥*V are modeled as inde-
pendent identically distributed ZMCSCG random varia-
bles with unit variance, and N, stands for number of
transmit antennas. The result of this simulation is shown
in Figure 6.

Conclusions and Future Work

The results presented in this article are of importance to
network designers as we move toward the standardization
of cooperative multihop networks. The analytical results
can help decide the thresholds at which nodes can switch
between different modes of transmission, such as the
relaying scheme, diversity order, and the appropriate
number of hops to ensure QoS.

In the first part of this article, the ergodic capacity of
the multihop network for DF relaying has been studied.
We assumed an optimum multihop network in which the
variances of the channels of all hops are the same
and the antennas at the relays are identical. The analysis
of the ergodic capacity of the DF scheme points to the
fact that, in the high-SNR regime, decreasing the number
of hops increases the performance of the transmission.
In the low-SNR regime, the environmental factors, such
as path loss exponent and the distance between the
source and destination, have to be considered before
making any comment about increasing or decreasing
number of hops for improving the performance of the
network. Moreover, comparing AF and DF relaying has
shown that DF relaying always provides more ergodic
capacity than the AF scheme by using the same number
of hops.

In the second part, increasing the number of antennas
at the relays with an arbitrary antenna selection has been
studied for a multihop network. The analysis points to the
fact that the slope of the increase in the gain and the
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decrease in the number of hops becomes smaller by
increasing the number of receive antennas. Although the
obtained gain by a MIMO (Alamouti STBCs-based) multi-
hop network is higher than SIMO multihop network by
using the same number of receive antennas, the obtained
gain of SIMO multihop network is better than MIMO (Ala-
mouti STBCs-based) multihop network by using the same
number of total antennas. In other words, in a network
with single antenna devices, increasing the receive diver-
sity should be given precedence over increasing the trans-
mit diversity.

For future work, it would be interesting to evaluate
these relaying schemes in the presence of interference
from external users and from those within the network. In
the analysis presented in this article, we have only consid-
ered the case when only a single multihop communication
link is active at a time. It is also important to implement a
trial version of these types of cooperative networks on
some hardware platform and evaluate the performance in
real-world scenarios. So far, not many such implementa-
tions have been presented, and most of them are not com-
prehensive enough to give an idea about the feasibility of
these schemes in real-world scenarios. The next step
would then be an extensive deployment of such a network
with a large enough number of nodes for researchers and
network planners to see the effects the scheme has on net-
work-level statistics, such as the network load, delay sta-
tistics, overhead, and QoS.
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