
3532
IEICE TRANS. COMMUN., VOL.E88–B, NO.9 SEPTEMBER 2005

PAPER Special Section on Advances in Ad Hoc Mobile Communications and Networking
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SUMMARY We investigate the impact of symbol rate control, modula-
tion level control, and the number of hops on the area spectral efficiency of
interference-limited multihop radio networks. By controlling symbol rate
and modulation level, data rate can be adapted according to received power.
In addition, varying the number of hops can control received power. First,
we evaluate the achievable end-to-end throughput of multihop transmission
assuming symbol rate and modulation level control. Numerical results re-
veal that by controlling symbol rate or using multihop transmission, the
end-to-end communication range can be extended at the cost of end-to-end
throughput, and this may result in lower area spectral efficiency. Next, an
expression for the area spectral efficiency of multihop radio networks is de-
rived as a function of the number of hops and the end-to-end throughput.
Numerical results also reveal that the resulting area spectral efficiency de-
pends on the specific circumstances, which, however, can be increased only
by using multihop transmission.
key words: multihop radio networks, area spectral efficiency, bandwidth
efficiency, rate adaptation

1. Introduction

Recent advancements in radio technologies and the success
of the Internet have shown the potential of information sys-
tems as ubiquitous networks accessible from anywhere, at
any time, and with any device [1]. A key enabling technol-
ogy for such networks is wireless ad hoc networking. A key
assumption is that any two nodes can communicate directly
if there is an adequate radio propagation path between them
subject to the maximum transmit power constraints of the
nodes. Otherwise, packets are relayed from the source to
the final destination, which can be relatively far apart, by
multihop transmission [2].

Wireless ad hoc networks can become an information
infrastructure formed by co-operating wireless nodes with-
out centralized administration [3]. For this type of wide
area radio networks, referred to as multihop radio networks,
high system spectral efficiency is required since the amount
of spectrum available for wireless systems is limited. This
type of spectral efficiency, referred to as area spectral effi-
ciency (ASE), is defined to be the maximum end-to-end bit
rate through multiple hops per unit bandwidth per unit area
as that defined in cellular networks [4]–[6]. Mukai et al.
demonstrated that the ASE of multihop radio networks does
not experience significant degradation compared with that
of cellular networks [7].
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The ASE of multihop radio networks is sensitive to
many factors, such as fairness of nodes [8]–[10], possible
node mobility [11], and lack of centralized control [12],
[13]. Gupta et al. estimated the throughput per source-
destination pair in multihop radio networks with optimal
routing and scheduling, and found that the smallest possible
transmit power that still ensures connectivity may be most
effective in terms of the ASE [14]. Toumpis et al. showed
that if the data rate is adjusted to the received power, addi-
tional power control leads to negligible capacity gains in a
wireless ad hoc network [15].

One of the advantages of multihop transmission over
single-hop transmission is a larger end-to-end communica-
tion range. However, the spectral efficiency of multihop
transmission is not necessarily the same as that of single-hop
transmission. Therefore, to consider in what situation multi-
hop transmission results in higher spectral efficiency may be
of interest in system design. This type of spectral efficiency,
referred to as bandwidth efficiency (BE), is defined to be the
maximum end-to-end bit rate through multiple hops per unit
bandwidth.

This paper presents a simple yet meaningful theoret-
ical framework for analyzing the BE of multihop transmis-
sion and the ASE of interference-limited multihop radio net-
works. In our argument, we assume that the networks have
controls for symbol rate and modulation level. The remain-
der of this paper is organized as follows. In Sect. 2, we dis-
cuss a system model. In Sect. 3, we consider a single iso-
lated multihop route and evaluate the BE considering error
accumulation over multihop relaying. In addition, we eval-
uate the effect of spatial channel reuse on the BE of mul-
tihop transmission in Sect. 4. In Sect. 5, we investigate the
ASE of interference-limited multihop radio networks. Sec-
tion 6 concludes the paper with a summary and some final
remarks.

2. System Model

We assume that each node can be either transmitting or re-
ceiving at a given time, and omnidirectional antennas are
used for the nodes. We assume propagation loss with the
path loss exponent α. The effects of shadowing and fast
fading are not considered for the sake of simplicity, as has
been done in [16]. All interference signals are assumed to be
equivalent to additive white Gaussian noise over the channel
(which is discussed in more detail in [5]).
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2.1 Bandwidth Efficiency of Symbol Rate and Modulation
Level Control

We assume that the transmitting node adjusts the data rate
r based on the average received carrier-to-interference plus
noise ratio (CINR) γ for a given required bit error rate (BER)
pb as

r = f1(γ, pb). (1)

Shannon capacity, which is the maximum of the information
rates without error,

f1(γ, pb) = log2(1 + γ), (2)

has been used to obtain the specific dependence of r on γ
[13], [15], [17]. One of the problems of multihop transmis-
sion is accumulation of bit errors or packet errors over mul-
tihop relaying [18]; however, the bit error probability cannot
be evaluated with Shannon capacity. Using results presented
in [19], [20], we derived a specific dependence of r on both
γ and pb considering symbol rate control and modulation
level control with M-ary quadrature amplitude modulation
(M-QAM).

Let γQPSK denote the required CINR for QPSK
(4QAM). When the received CINR is higher than γQPSK,
variable-rate M-QAM [19] (4 ≤ M ≤ 64) is used for
modulation level control. As described in [19], the BE of
this modulation level control in the additive white Gaussian
noise channel is approximated by

f1(γ, pb) = log2 (1 + β1γ) , β1 = −1.5/ ln(5pb), (3)

where the subscript of the BE f and that of the constant β
denote the number of hops. Since the BE of QPSK is 2, we
have the required CINR for QPSK

γQPSK = 3/β1. (4)

When the received CINR is lower than γQPSK, the sym-
bol rate is reduced to decrease the required CINR. Lower
symbol rate transmission is equivalently obtained from con-
secutive transmission of the identical symbols [20]. When
the symbol rate of QPSK is reduced to 1/K (1 < K ≤ 4), the
required CINR can be lowered by 10 log10 K dB at the cost
of BE as

f1(γ, pb) = 2/K. (5)

When K is controlled to meet the received CINR γ, we have

γ = γQPSK/K. (6)

The approximated model for BE of symbol rate and modu-
lation level control may be expressed by using Eqs. (3), (5),
and (6),

f1(γ, pb) =


2β1γ/3 3/4β1 ≤ γ < 3/β1

log2(1 + β1γ) 3/β1 ≤ γ ≤ 63/β1.
(7)

Fig. 1 Bandwidth efficiency of symbol rate and modulation level control.

We compare the CINR dependence of the BE (7) at
BER’s of 10−3 and 10−6 in Fig. 1. Figure 1 also shows the bit
error probability for coherent detection of 1/4-rate QPSK,
1/2-rate QPSK, QPSK, 16QAM, and 64QAM [21]. The re-
quired CINR of M-QAM is 5.5 dB (pb = 10−3) and 9.1 dB
(pb = 10−6) larger than that of Shannon capacity. When the
symbol rate is reduced, the difference between the required
CINR of this model and that of Shannon capacity becomes
larger.

3. Bandwidth Efficiency of Multihop Transmission
without Spatial Channel Reuse

3.1 Analysis

In this section, we evaluate the tradeoff between the achiev-
able end-to-end throughput and the number of hops. Con-
sider a single isolated source-destination pair. Under this
environment, the CINR reduces to the carrier-to-noise ratio
(CNR). Let the received CNR at the destination node be γ
as shown in Fig. 2(a), regardless of whether these two nodes
can communicate directly (hereinafter referred to as “end-
to-end CNR”). End-to-end CNR is considered to be an ap-
propriate parameter to reflect both the transmit power per
node and the end-to-end distance since the absolute values
of the transmit power and the distance do not have meaning
in our simple model.

We assume regenerative relaying (sometimes referred
to as digital relaying) such that relaying nodes decode and
re-encode before retransmission. As shown in Fig. 2(b), we
model the topology of n-hop transmission as equally spaced
(n − 1) relaying nodes on a straight line segment from the
source node to the destination node, and assume that spa-
tial channel reuse is not allowed. While these assumptions
are not necessarily realistic, they do enable us to gain in-
sight into the design of multihop radio networks. We can
switch from this single-hop transmission to n-hop transmis-
sion with the same transmit power and the same required
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Fig. 2 Models of single-hop and multihop transmission (n = 7, � = 3).
Solid arrows represent desired signals and dashed arrows represent co-
channel interference.

end-to-end BER pb by allowing only one node at a time to
transmit. Whether frequency division is used is immaterial
to our results since time division and frequency division are
equivalent in that they both divide up the spectrum orthogo-
nally, and this orthogonal division results in the same num-
ber of channels [22], [23].

This switching has three effects. First, the per-hop dis-
tance is reduced to 1/n of the end-to-end distance. There-
fore, the per-hop CNR can be expressed as nαγ. This is one
of the advantages of multihop transmission over single-hop
transmission. Second, the required per-hop BER for n-hop
transmission over an AWGN channel for a given required
end-to-end BER pb becomes pb/n. This is because when
the required BER of every hop is ph, the end-to-end BER pb

becomes

pb = 1 − (1 − ph)n

� nph (ph � 1).

Finally, the percentage of time a node can transmit a signal
becomes approximately 1/n. Consequently, the BE of n-
hop transmission at given end-to-end CNR γ and required
end-to-end BER pb can be expressed as

fn(γ, pb) =
1
n

f1(nαγ, pb/n) (8)

where f1 is the BE of single-hop transmission (7). There-
fore, this relationship between the BE of n-hop and that
of single-hop is extendable when using other modulation
schemes. The BE of n-hop transmission assuming symbol
rate and modulation level control may be expressed by sub-
stituting the expression for the BE of single-hop transmis-
sion f1 in Eq. (7) into Eq. (8),

fn(γ, pb) =


2βnnαγ/3n 3/4βn ≤ nαγ < 3/βn

log2(1 + βnnαγ)/n 3/βn ≤ nαγ ≤ 63/βn

(9)

where βn = −1.5/ ln(5pb/n).

3.2 Numerical Results

Table 1 summarizes the parameters we used in our evalua-
tion. When the number of hops is assumed to be fixed to n

Table 1 Parameters used in the evaluation.

Parameters Values
Path loss exponent α 2, 3.5

Required bit error rate pb 10−3

Fig. 3 Dependence of end-to-end throughput of multihop transmission
on CNR between source and destination nodes (α = 3.5). Bold and dashed
arrows correspond to those in Fig. 10(b).

(n = 1, 2, 4, 8, 16), the end-to-end CNR dependence of the
BE (9) is as shown in Fig. 3. The figure shows that under low
end-to-end CNR conditions introducing multihop transmis-
sion may be more effective in terms of the BE; however, the
absolute value of the BE may be small. Therefore, symbol
rate control and multihop transmission have the same ability
to decrease the required end-to-end CNR at the cost of BE.

Next, we consider adaptive route selection by which
the route with an optimal number of hops attaining the max-
imum BE is chosen. Compared to single-hop transmission,
the required per-hop BER of n-hop transmission is reduced
to 1/n, and thus the required CNR is increased. Figure 4
shows the optimal number of hops for the different required
end-to-end BER (pb = 10−3, 10−6). Figure 4 also shows the
optimal number of hops when Shannon capacity is used. We
see that along with the reduction of end-to-end CNR, the
amount of difference between the optimal number of hops
with symbol rate and modulation level control and that with
Shannon capacity increases.

Figure 5 shows the end-to-end CNR dependence of the
BE through the use of adaptive route selection. We see that
the difference between the BE with symbol rate and modu-
lation level control and that with Shannon capacity is rela-
tively small. Thus, in this situation, error accumulation does
not necessarily become the main factor in capacity degrada-
tion.

Thus far, we have assumed the same transmit power ir-
respective of the number of hops. This assumption provides
a fair comparison between single-hop transmission and mul-
tihop transmission in terms of energy efficiency because the
total transmit energy of all transmitting nodes is the same
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Fig. 4 Effect of accumulated bit error on optimal number of hops (α =
3.5).

Fig. 5 Effect of accumulated bit error on bandwidth efficiency (α = 3.5).

regardless of the number of hops.
Here, we consider the scenario where the transmit

power is reduced with the number of hops. The BE of
this scenario can be derived from the same Fig. 5 since the
end-to-end CNR is increased or decreased in proportion to
the transmit power. When the number of hops is optimally
selected in terms of the BE, an increase in the end-to-end
CNR implies an increase in the BE. Thus, the BE is a
monotonically increasing function of the end-to-end CNR
or the transmit power per node. Therefore, when the spatial
channel reuse is not allowed, transmission at the maximum
power is effective from the viewpoint of the BE.

4. Bandwidth Efficiency of Multihop Transmission
with Spatial Channel Reuse

4.1 Analysis

In this section, we investigate in what situation the BE of
multihop transmission may increase through spatial chan-
nel reuse. Through the use of symbol rate and modulation
level control, the required CINR is adjusted to meet the re-
ceived CINR. In addition to this, varying the numbers of
hops and channels can control the received CINR. There-
fore, the numbers of hops and channels are the variables to
be optimized.

Until now, we have assumed n different channels for
n-hop transmission. Now we assume � (< n) different chan-
nels so that the percentage of time a node can transmit a
signal becomes 1/�. Consider the node receiving the largest
interference in a single isolated n-hop transmission using �
channels as shown in Fig. 2(c). Co-channel interference sig-
nals come from those nodes separated by the following num-
ber of hops, i.e., � − 1, � + 1, 2� − 1, . . . , �(�n/�� − 1)/2�� +
(−1)�n/��−1. Let Cn,� denote the received power level from
the desired node, and let In,� denote the total interference
power at the receiving node. Then, the received carrier-to-
interference ratio (CIR) Cn,�/In,� can be written as

Cn,�

In,�
=


�n/��−1∑

i=1

[
�i/2�� + (−1)i

]−α
−1

≡ ξ.

Let N be the noise power level. The per-hop CNR is then
expressed as Cn,�/N = nαγ. Therefore, per-hop CINR can
be expressed as

Cn,�

N + In,�
=

1
(Cn,�/N)−1 + (Cn,�/In,�)−1

= (1/nαγ + 1/ξ)−1 .

Assuming every node adjusts its data rate based on Cn,�/(N+
In,�), we get the BE of n-hop transmission over � channels as

fn,�(γ, pb) =
1
�

f1((1/nαγ + 1/ξ)−1 , pb/n). (10)

4.2 Numerical Results

When we assume the number of hops is fixed to n (n =
1, 2, 4, 8, 16) and the number of channels � is a variable to be
optimized, the end-to-end CNR dependence of the BE (10)
is as shown in Fig. 6. The BE can increase through spatial
channel reuse under low end-to-end CNR conditions.

Then, we assume the numbers of hops and channels
are variables to be chosen optimally in terms of the BE. Fig-
ure 7 shows the optimal numbers of hops and channels for
different values of the path loss exponent α. Multihop trans-
mission outperforms single-hop transmission in terms of the
BE below the end-to-end CNR of 9 dB and 13 dB for α = 2
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Fig. 6 Bandwidth efficiency with optimal number of channels (α = 3.5).

(a) α = 2.

(b) α = 3.5.

Fig. 7 Optimal numbers of hops and channels for bandwidth efficiency.

(a) α = 2.

(b) α = 3.5.

Fig. 8 Bandwidth efficiency with optimal numbers of hops and channels.

and 3.5, respectively. In addition to this, multihop trans-
mission with spatial channel reuse outperforms that without
spatial channel reuse below the end-to-end CNR of −3 dB
and −4 dB for α = 2 and 3.5, respectively. The opti-
mal number of hops increases rapidly with reduction in the
end-to-end CNR compared to multihop transmission with-
out spatial channel reuse.

Figure 8 shows the BE with the optimal numbers of
hops and channels for different values of the path loss ex-
ponent α. When the path loss exponent is relatively small,
nodes will receive larger interference from simultaneous
transmissions. To mitigate the interference, a large num-
ber of channels are required, and consequently, the BE will
be small.

In contrast to the case without spatial channel reuse,
the loss of BE along with the reduction of end-to-end CNR
is relatively small especially when the path loss exponent
is large (α = 3.5). Therefore, under the condition that the
spatial channel reuse is effective, energy efficiency can be
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increased by reducing the transmit power per node at the
cost of a slight decrease in the BE.

5. Area Spectral Efficiency of Multihop Radio Net-
works

In the previous section, we assume that channels are spa-
tially reused in a single isolated multihop route. On the con-
trary, in this section, we assume that channels are spatially
reused only among multihop routes.

We consider the interference-limited situation where
co-channel interference totally dominates the thermal noise.
Under this environment, the CINR reduces to the CIR. In
a single-hop transmission scenario, the decrease of the re-
quired CIR allows more simultaneous transmissions in a
given area but each node should transmit at a lower rate.
In a multihop transmission scenario, the increased number
of hops allows more simultaneous transmissions in a given
area because adaptive route selection has the same ability as
symbol rate control to decrease required end-to-end CINR at
the cost of lower end-to-end throughput, as was presented in
Sect. 3.2. Therefore, we evaluate the resulting area spectral
efficiency (ASE) of multihop radio networks, which is de-
fined as the maximum end-to-end bit rate through multiple
hops per unit bandwidth per unit area.

5.1 Analysis

The ASE of multihop radio networks is sensitive to lots of
factors, particularly fairness, as mentioned in Sect. 1. Since
the main purpose of this investigation is to examine the im-

Fig. 9 Models of single-hop and multihop transmissions (n = 2). Solid
arrows represent desired signals and dashed arrows represent co-channel
interference.

pact of symbol rate and modulation level control and adap-
tive route selection on the ASE, we must set aside the fair-
ness problem and investigate the ASE under the condition
that the number of hops for all transmissions is the same
and the per-hop CIR of all transmissions is greater than a
given value γ0 as shown in Fig. 9(a). In addition to this, we
model the topology of n-hop transmission as equally spaced
(n − 1) relaying nodes as in Sect. 3.

Consider the situation where every source node trans-
mits directly to its destination regardless of whether every
source-destination pair can communicate directly, and we
designate the received CIR as being the end-to-end CIR.
Similar to the end-to-end CNR, the end-to-end CIR is con-
sidered to be an appropriate parameter to reflect the density
of simultaneous communications since the absolute value
of this density does not have meaning in our simple model.
Therefore, the BE in an interference-limited situation can
also be expressed by replacing end-to-end CNR with end-
to-end CIR in Eq. (9).

Let tn be the BE of n-hop transmission. Under the
assumption above, the end-to-end CIR of all simultaneous
communications are greater than γ0/nα. We assume that ev-
ery node adjusts its data rate based on γ0. Thus, the BE
of each n-hop transmission may be expressed by using the
end-to-end CIR γ0/nα as

tn = fn(γ0/n
α, pb). (11)

Let ρn be the density of source-destination pair achieving the
given per-hop CIR, γ0, when transmitting simultaneously.
Then, defining the ASE of n-hop transmission as

ηn = tn · ρn (12)

naturally follows. The goal of this section is to approx-
imate the ASE of multihop radio networks. Through the
use of rate adaptation, the required CIR is adjusted to meet
the received CIR. In addition to this, changing the distance
between simultaneous communications and the number of
hops can control the received CIR.

For comparison, we also consider single-hop radio net-
works with QPSK. We assume the distance between source
and destination nodes is the same as that in multihop ra-
dio networks. Next, we consider multiplying the distances
between simultaneous communications by z subject to the
required CIR of QPSK, γQPSK, as shown in Fig. 9(b). The
interference power is then reduced to roughly 1/zα of that
with n-hop transmission, so that the end-to-end CIR of all
transmissions satisfy the following condition:

end-to-end CIR ≥ zα
γ0

nα
= γQPSK. (13)

Let t1,QPSK = 2 represent the BE; let ρ1,QPSK be the den-
sity of simultaneous communications, and let η1,QPSK be the
ASE of single-hop transmission with QPSK. The density of
simultaneous communications is reduced to roughly 1/z2 of
that with n-hop transmission

ρ1,QPSK =
ρn

z2
=
ηn

z2tn
.
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The ASE of single-hop transmission with QPSK is therefore
expressed as

η1,QPSK = t1,QPSK · ρ1,QPSK =
2ηn

z2tn
. (14)

Substituting Eqs. (4) and (13) into Eq. (11), we get

tn = fn(3/zαβ1, pb).

Combining the above equation with Eq. (9) and solving for
z, we get

z =


n

(
2

ntn

βn

β1

)1/α 1
2n
≤ tn <

2
n

n

(
3

2ntn − 1
βn

β1

)1/α 2
n
≤ tn ≤ 6

n
.

(15)

The ASE of n-hop transmission is approximated by substi-
tuting Eq. (15) into Eq. (14):

ηn =
z2tn
2
η1,QPSK

=



n2tn
2

(
2

ntn

βn

β1

)2/α

η1,QPSK
1
2n
≤ tn <

2
n

n2tn
2

(
3

2ntn − 1
βn

β1

)2/α

η1,QPSK
2
n
≤ tn ≤ 6

n
.

(16)

5.2 Numerical Results

The combined effect of symbol rate control, modulation
level control, and the number of hops on the ASE for the
two different path loss exponent α is shown in Fig. 10. The
absolute value of η1,QPSK depends on the specific value of the
path loss exponent α; therefore, there is no way to conduct
a direct comparison between Figs. 10(a) and 10(b).

When the nodes are only allowed fixed n-hop transmis-
sion, the ASE decreases with the increase of the BE from
2/n (QPSK) to 6/n (64QAM). In addition to this, the ASE
can decrease with the reduction of the BE from 2/n (QPSK)
to 0.5/n (1/4-rate QPSK). This result is consistent with other
results on multilevel modulation in cellular networks, and it
indicates that QPSK rather than 16QAM is the optimal mod-
ulation scheme to obtain high ASE [24].

When the nodes are allowed to select the number of
hops, as expected, the ASE increases with the number of
hops at the cost of BE. Recall the results in Fig. 3 where
symbol rate control and adaptive route selection have the
same tradeoff between the BE and the end-to-end CNR.
However, only adaptive route selection has a tradeoff be-
tween the ASE and the BE. This result is also consistent
with other results reported in investigations of cellular net-
works that show a tradeoff between the ASE and the BE of
single-hop transmission [4].

By comparing Figs. 3 and 10(b), one can see that in-
crease of the BE resulting from varying the number of hops

(a) α = 2.

(b) α = 3.5.

Fig. 10 Area spectral efficiency ηn vs. bandwidth efficiency tn. Bold and
dashed arrows correspond to those in Fig. 3.

(as shown by the bold arrow in Fig. 3) corresponds to the en-
hancement of the ASE by fixing the density of simultaneous
communications (as shown by the bold arrow in Fig. 10(b)).
One can also see that decreasing the required end-to-end
CIR through the use of multihop transmission (as shown by
the dashed arrow in Fig. 3) corresponds to the enhancement
of the ASE by varying the number of hops and the density of
simultaneous communications and fixing the BE (as shown
by the dashed arrow in Fig. 10(b)).

6. Concluding Remarks

Assuming symbol rate and modulation level control, we
have considered two types of spectral efficiency for multi-
hop radio networks. First, we examined the spectral effi-
ciency of a single isolated multihop route, named as band-
width efficiency, which is defined as the maximum end-to-
end bit rate through multiple hops per unit bandwidth. We
have taken into account the effect of bit error accumulation
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over multihop transmission. We found a relationship be-
tween the bandwidth efficiency of n-hop transmission and
that of single-hop transmission. Numerical results revealed
that symbol rate control and adaptive route selection have
the same ability to enhance the end-to-end communication
range at a loss of bandwidth efficiency.

Next, we also investigated the overall spectral effi-
ciency of multihop radio networks, named as area spectral
efficiency, which is defined as the maximum end-to-end bit
rate through multiple hops per unit bandwidth per unit area.
We derived an expression for area spectral efficiency as a
function of end-to-end throughput and the number of hops.
Numerical results revealed a significant difference between
symbol rate control and adaptive route selection. The use
of symbol rate control can decrease area spectral efficiency.
On the other hand, a tradeoff between the area spectral effi-
ciency and the end-to-end throughput of multihop transmis-
sion is such that the use of multihop transmission can in-
crease the area spectral efficiency. Note that these results are
consistent with those of other research on the area spectral
efficiency of cellular networks with modulation level con-
trol.

We would like to emphasize that the purpose of this
paper is to investigate and clarify the circumstances under
which multihop transmission provides superior performance
over that of single-hop transmission. We hope the results
presented in this paper will provide insights useful in de-
signing multihop radio networks.
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