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Energy-Efficient Multihop Cooperative MISO
Transmission with Optimal Hop Distance in

Wireless Ad Hoc Networks
Jun Zhang, Li Fei, Qiang Gao, Xiao-Hong Peng

Abstract—In this paper, we investigate the hop distance opti-
mization problem in ad hoc networks where cooperative multi-
input-single-output (MISO) is adopted to improve the energy
efficiency of the network. We first establish the energy model of
multihop cooperative MISO transmission. Based on the model,
the energy consumption per bit of the network with high node
density is minimized numerically by finding an optimal hop
distance, and, to get the global minimum energy consumption,
both hop distance and the number of cooperating nodes around
each relay node for multihop transmission are jointly optimized.
We also compare the performance between multihop cooperative
MISO transmission and single-input-single-output (SISO) trans-
mission, under the same network condition (high node density).
We show that cooperative MISO transmission could be energy-
inefficient compared with SISO transmission when the path-loss
exponent becomes high. We then extend our investigation to the
networks with varied node densities and show the effectiveness
of the joint optimization method in this scenario using simulation
results. It is shown that the optimal results depend on network
conditions such as node density and path-loss exponent, and the
simulation results are closely matched to those obtained using
the numerical models for high node density cases.

Index Terms—Cooperative MISO, energy efficiency, hop dis-
tance, wireless ad hoc networks.

I. INTRODUCTION

ENERGY efficiency is a key performance considered in
the design of wireless ad hoc networks, where nodes

are usually powered by batteries with limited capacity and
lifetime and deployed in potentially harsh scenarios. When
two nodes in a wireless ad hoc network are not in range of
each other, the communication between them will rely on
multihop transmission. In such a case, hop distance is an
important factor that affects the energy consumption of end-to-
end multihop transmission between the source and destination
nodes in the network. Large hop distance increases the energy
consumption of a single hop but decreases the number of
hops, whilst short hop distance has exact reverse effects. Thus
finding an optimal hop distance that minimizes the total energy
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consumed within the entire transmission path plays a vital role
in deploying energy-efficient and sustainable wireless ad hoc
networks in real-world environments.

There have been many research results published on the
optimization of hop distance (or transmission range) with
different focuses. Some results give the relations between
hop distance and other system or network parameters such
as the number of transmission source, network topology [1],
path-loss exponent, node density [2], and bit-error-rate (BER)
requirement [3]; while the others show how to achieve the
optimal hop distance and optimal transmitting power when
transmission error is taken into account [4] or realistic channel
models such as the Rayleigh fading and Lognormal fading
models are considered [5]. In addition, some works investigate
the optimal transmission range alongside specific routing
protocols such as the greedy forwarding routing protocol [6].
However, all of these results are obtained for the wireless net-
works that use single-input-single-output (SISO) transmission.

Recently, cooperative multi-input-multi-output (MIMO)
technique and its variations, e.g. cooperative multi-input-
single-output (MISO), are adopted in wireless multihop ad
hoc networks to improve energy efficiency over SISO systems
by exploiting the spatial diversity created through cooperative
communication [7]-[8]. Many studies in this research area
have been trying to exploit fully the advantages of cooperative
MIMO (or its variations) in energy saving by proposing spe-
cific schemes in routing [9], routing with power control [10]-
[12], routing with link scheduling [13], and optimizing the
number of cooperating nodes per hop to minimize the end-to-
end energy consumption while satisfying the required outage
probability [14]. On top of these schemes, hop distance is
another key parameter that can be optimized to further improve
energy efficiency of multihop cooperative transmission.

The optimization problem will then become more complex
for multihop cooperative MIMO (or its variations) transmis-
sion compared with SISO transmission. On the one hand, the
spatial diversity exploited by cooperative MIMO can reduce
the transmission energy under a given BER; thus a larger hop
distance may be chosen to decrease the number of hops. On
the other hand, extra energy overhead is needed for the source
or relay node to transmit data to the local cooperating nodes
before over-hop cooperative transmission. This means that
apart from the hop distance, the distribution or the number of
cooperating nodes also affects energy consumption for local as
well as over-hop transmissions. Therefore, finding the optimal
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hop distance for maximizing the overall energy efficiency for
cooperative MIMO (or its variations) transmission presents a
challenging problem in this research area. The solution to this
problem, however, is previously unknown, to the best of our
knowledge.

In this paper, we present our investigation over the impacts
of both hop distance and the number of cooperating nodes
on the energy consumption of end-to-end multihop cooper-
ative MISO transmission. This investigation leads to a joint
optimization approach that considers both hop distance and
the number of cooperating nodes in the process of energy
efficiency maximization under different network conditions.
For simplicity, we consider the routing schemes as adopted
in [9], [13], and [14], where a relay node and its neighboring
nodes (not relay nodes) cooperatively transmit data to its next
relay node. However, other schemes as used in [10]-[12],
where a relay node and its previous relay nodes in the routing
path cooperatively transmit data to its next relay node, are
not considered in this paper. In this work, we first deal with
the joint optimization problem heuristically in two stages in a
high-density ad hoc network where the relay nodes on the
route of multihop transmission are always available at the
desired locations when they are needed. When the average
distance between any two adjacent nodes is much less than
the hop distance, the network can be considered highly dense.
We then propose a cooperative MISO multihop transmission
scheme, and extend our investigation to networks without a
constraint on node density through simulation. The simulation
results show that the gap between the numerically optimized
hop distance and the one obtained through simulation is within
10% until the node density is reduced to 10−5 nodes/m2

for the case where the path-loss exponent is two (or to
10−3 nodes/m2 when the path-loss exponent is four). This
means that the numerical optimization results obtained under
high node density can be still valid in these ranges of node
density. When the node density is further reduced the gap
will increase noticeably. We also analyze and compare the
energy performance between cooperative MISO and SISO
transmission systems, to reveal the conditions under which
cooperative MISO can be more energy-efficient than SISO and
the other way around in the context of multihop transmission.

The rest of this paper is organized as follows. In Section II,
the energy model of multihop cooperative MISO transmission
is established. In Section III, hop distance and number of
cooperating nodes are jointly optimized to minimize energy
consumption per bit in a high-density network. Numerical
results and performance analysis are given in Section IV. A
cooperative MISO multihop transmission scheme and related
simulation results obtained under general network conditions
are given in Section V. Finally, Section VI summarizes the
outcomes of this paper.

II. ENERGY MODEL

We consider a wireless ad hoc network where each node is
equipped with one antenna. Suppose that a source 𝑆 intends
to transmit some data packets to a destination 𝐷. If 𝐷
is out of the transmission range of 𝑆 (or for the sake of
energy efficiency), relay nodes between 𝑆 and 𝐷 will be
used to forward the data packets to the destination. To save

Fig. 1: System overview of multihop cooperative MISO trans-
mission.

energy, the relay nodes (or source) and their neighboring
nodes can cooperatively transmit these packets to the next
relay node or the final destination, as shown in Fig. 1. In this
case, the transmitting nodes and the receiving node construct
a cooperative MISO system. Specifically, the transmission
process of each hop consists of two phases.

∙ Phase 1 (Broadcasting phase). The relay node (or source
in the first hop) broadcasts the data to the nodes around
it. The nodes which receive the broadcasted data and
participate in cooperative transmission in the next phase
are called cooperating nodes.

∙ Phase 2 (Cooperative transmission phase). The relay node
(or source in the first hop) and the cooperating nodes
concurrently transmit the data to the next relay node using
the distributed orthogonal space-time block code (STBC).

We assume a flat Rayleigh fading channel with additive
white Gaussian noise (AWGN) on top of 𝛼th-power path
loss, where 𝛼 ≥ 2 is the path-loss exponent. The fading
between all transmitting and receiving nodes are assumed to
be independent and identically distributed and to be constant
during the transmission of each packet. Multilevel quadrature
amplitude modulation (MQAM) is deployed for data transmis-
sion. No error correction code (ECC) blocks are included in
the transmitted data.

To calculate the energy consumption per bit of data trans-
mission from source to destination, both circuit energy con-
sumption and transmission energy for data broadcasting and
cooperative transmission are included in our energy model
as in [7]-[8]. We do not consider the energy consumed by
overhearing, as in [1]-[4], nor the extra energy consumption
due to retransmission, as in [1], [2], [11], and [12]. As routing
and medium access control (MAC) protocols are not discussed
in this paper, the related signaling energy is not considered,
either.

According to the transmission process described above, the
energy consumption per bit of one hop 𝐸ℎ consists of two
components: energy consumption in the broadcasting phase
𝐸𝑏𝑝 and energy consumption in the cooperative transmission
phase 𝐸𝑐𝑝 , i.e.,

𝐸ℎ = 𝐸𝑏𝑝 + 𝐸𝑐𝑝 (1)

𝐸𝑏𝑝 is given by

𝐸𝑏𝑝 = 𝐸𝑐𝑏𝑝 + 𝐸𝑡𝑏𝑝 (2)

where 𝐸𝑐𝑏𝑝 is the circuit energy consumed by the relay node for
transmission and by the cooperating nodes for reception, and
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𝐸𝑡𝑏𝑝 is the transmission energy for the relay node to broadcast
its data.

The circuit energy consumption 𝐸𝑐𝑏𝑝 is given by

𝐸𝑐𝑏𝑝 =
𝑃𝑐𝑡
𝑅

+ 𝑁 ⋅𝑃𝑐𝑟
𝑅

(3)

where 𝑃𝑐𝑡 is the transmitter circuit power, 𝑃𝑐𝑟 is the receiver
circuit power, 𝑁 is the number of cooperating nodes, and 𝑅 is
the bit rate of broadcasting, which is given by 𝑅 = 𝑏⋅𝐵 with 𝑏
the constellation size (bits per symbol) and 𝐵 the modulation
bandwidth.

The transmission energy of the relay node 𝐸𝑡𝑏𝑝 is given by

𝐸𝑡𝑏𝑝 = 𝐺 ⋅ 𝑟𝛼 ⋅ 𝐸𝑏,𝑏𝑝 (4)

where 𝑟 is the radius of the neighboring area in which 𝑁
cooperating nodes lies, 𝐸𝑏,𝑏𝑝 is the required average energy
per bit at the cooperating node for the given BER requirement.
𝐺 is a constant and given by 𝐺 = 𝜉

𝜂 ⋅ (4𝜋)2

𝐺𝑡𝐺𝑟𝜆2 ⋅ 𝑀𝑙 ⋅ 𝑁𝑓 , as

adopted in [2] and [8] as well, where 𝜉 = 3 ⋅ (2𝑏/2−1
2𝑏/2+1

) is the
peak-to-average ratio (PAR) and 𝜂 is the drain efficiency of
the RF power amplifier, 𝐺𝑡 is the transmitter antenna gain, 𝐺𝑟
is the receiver antenna gain, 𝜆 is the carrier wavelength, 𝑀𝑙

is the link margin compensating hardware process variations
and other additive background noise or interference, and 𝑁𝑓
is the receiver noise figure.

Assuming that nodes are distributed in the network with
density 𝜌, the radius 𝑟 of the neighboring area in which 𝑁
cooperating nodes lies is give by

𝑟 =

√
𝑁 + 1

𝜌 ⋅ 𝜋 (5)

The average energy per bit at the cooperating node 𝐸𝑏,𝑏𝑝
is determined by the required BER. For MQAM, the average
BER is given by

𝑃 𝑏,𝑏𝑝 ≈
∫ +∞

0

𝐶1 ⋅ 𝑄(
√

𝐶2 ⋅ 𝛾𝑏𝑝) ⋅ 𝑓(𝛾𝑏𝑝)𝑑𝛾𝑏𝑝 (6)

where 𝑄(⋅) denotes the Q-function, 𝐶1 and 𝐶2 are the
constants determined by constellation size [7]. 𝛾𝑏𝑝 is the
instantaneous signal-to-noise ratio (SNR) at the receiver and
has an exponential distribution as

𝑓(𝛾𝑏𝑝) =
1

𝛾𝑏𝑝
⋅ 𝑒−

𝛾𝑏𝑝
𝛾𝑏𝑝 (7)

𝛾𝑏𝑝 is given by

𝛾𝑏𝑝 =
𝐸𝑏,𝑏𝑝
𝑁0

(8)

where 𝑁0 is the single-sided thermal noise power spectral
density.

Referring to (1) again, the second term 𝐸𝑐𝑝 is given by

𝐸𝑐𝑝 = 𝐸𝑐𝑐𝑝 + 𝐸𝑡𝑐𝑝 (9)

where 𝐸𝑐𝑐𝑝 is the circuit energy consumed at the transmitting
side by the relay node and the cooperating nodes and at
the receiving side by the next relay node, and 𝐸𝑡𝑐𝑝 is the
transmission energy per bit for cooperative data transmission.

Let 𝑅𝑠 denote the spatial rate of STBC, the bit rate of
cooperative transmission is given by 𝑅 ⋅𝑅𝑠 [15], thus we have

𝐸𝑐𝑐𝑝 = (𝑁 + 1)⋅ 𝑃𝑐𝑡
𝑅 ⋅ 𝑅𝑠 +

𝑃𝑐𝑟
𝑅 ⋅ 𝑅𝑠 (10)

The extra circuit energy consumed due to STBC coding and
decoding, which is not comparable with the energy consumed
by radio frequency (RF) circuit blocks, is neglected in our
case. Therefore, 𝑃𝑐𝑡 and 𝑃𝑐𝑟 in (10) are the same as that in
(3), respectively.

The transmission energy per bit for cooperative data trans-
mission 𝐸𝑡𝑐𝑝 is given by

𝐸𝑡𝑐𝑝 = 𝐺 ⋅ 𝑑𝛼 ⋅ 𝐸𝑏,𝑐𝑝 (11)

where 𝐸𝑏,𝑐𝑝 is the required average energy per bit at the next
relay node for a given BER requirement, 𝑑 is the hop distance,
i.e. the distance between two nearby relay nodes. Equation
(11) holds only when the distances from the relay node and
its cooperating nodes to the next relay node are the same.
This is a reasonable assumption when the hop distance is
much larger than the radius of the relay node’s neighborhood,
which is the case for most our results. When the hop distance
becomes comparable with the neighborhood radius, (11) could
still approximately hold since the perceived power difference
between the signals from any two transmitting nodes is not
significant in most cases [16].

The average energy per bit at the next relay node 𝐸𝑏,𝑐𝑝 is
determined by the required BER. Similar to the broadcasting
phase, the average BER required in the cooperative transmis-
sion phase 𝑃 𝑏,𝑐𝑝 is given by

𝑃 𝑏,𝑐𝑝 ≈
∫ +∞

0

𝐶1 ⋅ 𝑄(
√

𝐶2 ⋅ 𝛾𝑐𝑝) ⋅ 𝑓(𝛾𝑐𝑝)𝑑𝛾𝑐𝑝 (12)

𝛾𝑐𝑝 is the instantaneous SNR at the next relay node and has
a central chi-square distribution with 2(𝑁 + 1) degrees of
freedom as [17]

𝑓(𝛾𝑐𝑝) =
1

Γ(𝑁 + 1) ⋅ 𝛾𝑁+1
𝑐𝑝

⋅ 𝛾𝑁𝑐𝑝 ⋅ 𝑒−
𝛾𝑐𝑝
𝛾𝑐𝑝 (13)

where Γ(⋅) denotes the Gamma function, and 𝛾𝑐𝑝 is given by

𝛾𝑐𝑝 =
𝐸𝑏,𝑐𝑝

(𝑁 + 1) ⋅ 𝑁0
(14)

Combining (1)-(5) and (9)-(11) and considering the fact that
𝐸𝑏,𝑐𝑝 is a function of 𝑁 , the energy consumption per bit of
one hop 𝐸ℎ can be obtained as

𝐸ℎ = 𝑔1(𝑁) + 𝑔2(𝑁) ⋅ 𝑑𝛼 (15)

where 𝑔1(𝑁) = 𝑃𝑐𝑡

𝑅 +𝑁 ⋅𝑃𝑐𝑟

𝑅 +𝐺 ⋅ (
√
𝑁+1
𝜌⋅𝜋 )𝛼 ⋅𝐸𝑏,𝑏𝑝 + (𝑁 +

1)⋅ 𝑃𝑐𝑡

𝑅⋅𝑅𝑠
+ 𝑃𝑐𝑟

𝑅⋅𝑅𝑠
, and 𝑔2(𝑁) = 𝐺 ⋅ 𝐸𝑏,𝑐𝑝.

Summing the energy consumption per bit of all the hops,
we obtain the energy consumption per bit from source to
destination 𝐸𝑏𝑖𝑡 as

𝐸𝑏𝑖𝑡 =

𝐾∑
𝑘=1

𝐸
(𝑘)
ℎ =

𝐾∑
𝑘=1

[𝑔1(𝑁𝑘) + 𝑔2(𝑁𝑘) ⋅ 𝑑𝛼𝑘 ] (16)

where 𝐸
(𝑘)
ℎ is the energy consumption per bit of the 𝑘th hop,

𝑑𝑘 and 𝑁𝑘 are the hop distance and number of cooperating
nodes of the 𝑘th hop respectively, and 𝐾 is the total number
of hops between source and destination.
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III. ENERGY CONSUMPTION MINIMIZATION

In this section, the hop distance and the number of coop-
erating nodes are jointly optimized to minimize the energy
consumption per bit from the source to the destination based
on the energy model established in the last section. The
optimization problem can be formulated as

min
𝐾,𝑑𝑘,𝑁𝑘,𝑘=1,2,...,𝐾

𝐸𝑏𝑖𝑡 =
𝐾∑

𝑘=1

[𝑔1(𝑁𝑘) + 𝑔2(𝑁𝑘) ⋅ 𝑑𝛼𝑘 ]

𝑠.𝑡.
𝐾∑

𝑘=1

𝑑𝑘 ≥ 𝐿

𝑑𝑘 > 0, 𝑘 = 1, 2, ..., 𝐾
𝑁𝑘 is a positive integer, 𝑘 = 1, 2, ..., 𝐾
𝐾 is a positive integer

(17)
where 𝐿 is the distance between the source and the destination.

This is a joint optimization problem of 2𝐾 + 1 variables,
i.e. 𝑑𝑘, 𝑁𝑘 (𝑘 = 1, 2, ..., 𝐾), and 𝐾 . As 𝐾 increases, a
significant number of variables need to be processed and the
problem becomes highly complex. To reduce the complexity
level, a high-density ad hoc network is assumed. Under the
high-density assumption, the data will be transmitted through a
linear route to achieve the minimum energy consumption. As a
result, the first constraint in (17) is changed to

∑𝐾
𝑘=1 𝑑𝑘 = 𝐿.

Consequently, the following proposition can be obtained.
Proposition 1: Under high node density, given the distance

between the source and the destination 𝐿 and the number of
hops 𝐾 , if all the hop distances are equal (i.e. ∀𝑘 : 𝑑𝑘 = 𝐿

𝐾 )
and the numbers of cooperating nodes 𝑁𝑘 are the same for
all hops, the minimum energy consumption per bit can be
achieved.

Proof: See Appendix A.
Therefore, setting hop distances identical for all hops is

sufficient for achieving the minimum energy consumption. It is
the trend that the hop distances will become very close to each
other for all hops when the minimum energy consumption is
intended to be achieved since all the hops are homogeneous.

Setting 𝑑𝑘 = 𝑑 and 𝑁𝑘 = 𝑁 (𝑘 = 1, 2, ..., 𝐾), we have the
optimization problem as

min
𝑑,𝑁

𝐸𝑏𝑖𝑡 =
𝐿
𝑑 ⋅ [𝑔1(𝑁) + 𝑔2(𝑁) ⋅ 𝑑𝛼]

𝑠.𝑡. 𝑑 ∈ {𝐿, 𝐿2 , 𝐿3 , ...}
𝑁 is a positive integer

(18)

To further simplify the optimization problem, we loosen the
corresponding constraint and let 𝑑 be a real variable, so that
the problem becomes

min
𝑑,𝑁

𝐸𝑏𝑖𝑡 =
𝐿
𝑑 ⋅ [𝑔1(𝑁) + 𝑔2(𝑁) ⋅ 𝑑𝛼]

𝑠.𝑡. 0 < 𝑑 ≤ 𝐿
𝑁 is a positive integer

(19)

The optimization problem specified in (19) can be solved
heuristically through two stages, first minimizing over hop dis-
tance 𝑑 and then minimizing over the number of cooperating
nodes 𝑁 , based on [18].

Stage 1: The hop distance 𝑑 is optimized to minimize the
energy consumption per bit given the number of cooperating
nodes 𝑁 . At this stage, the optimization problem is reduced
to

min
𝑑

𝐸𝑏𝑖𝑡 =
𝐿
𝑑 ⋅ [𝑔1(𝑁) + 𝑔2(𝑁) ⋅ 𝑑𝛼]

𝑠.𝑡. 0 < 𝑑 ≤ 𝐿
(20)

The convexity of 𝐸𝑏𝑖𝑡 is shown as follows.
Proposition 2: Given the number of cooperating nodes 𝑁 ,

𝐸𝑏𝑖𝑡 in (20) is a convex function of 𝑑.
Proof: See Appendix B.

Taking the first-order derivative of 𝐸𝑏𝑖𝑡 with respect to 𝑑
and setting it to zero, we obtain the optimal hop distance 𝑑∗

by solving this equation, as

𝑑∗ = 𝛼

√
𝑔1(𝑁)

(𝛼 − 1) ⋅ 𝑔2(𝑁)
(21)

Correspondingly, the miniminzed energy consumption per
bit 𝐸∗

𝑏𝑖𝑡 is

𝐸∗
𝑏𝑖𝑡 =

𝛼 ⋅ 𝐿
𝛼 − 1

⋅ 𝛼
√
(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−1 ⋅ 𝑔2(𝑁) (22)

We call 𝑑∗ and 𝐸∗
𝑏𝑖𝑡 the local optimal hop distance and local

minimum energy consumption per bit, respectively.
Stage 2: The number of cooperating nodes 𝑁 is optimized

to further minimize the local minimum energy consumption
𝐸∗
𝑏𝑖𝑡, which can be formulated as

min
𝑁

𝐸∗
𝑏𝑖𝑡 =

𝛼⋅𝐿
𝛼−1 ⋅ 𝛼

√
(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−1 ⋅ 𝑔2(𝑁)

𝑠.𝑡. 𝑁 is a positive integer
(23)

and then the global minimum energy consumption per bit 𝐸𝑜𝑝𝑡𝑏𝑖𝑡
is obtained as 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 = min

𝑁
𝐸∗
𝑏𝑖𝑡.

As 𝑔2(𝑁) is an implicit function of 𝑁 , it is not easy to
derive the closed form of the optimal number of cooperating
nodes 𝑁𝑜𝑝𝑡 from (23). Using the brute-force search method
𝑁𝑜𝑝𝑡 can be determined, and consequently the optimal hop
distance 𝑑𝑜𝑝𝑡 can be obtained by substituting 𝑁𝑜𝑝𝑡 into (21).
According to [17] and [19], we set the number of cooperating
nodes that the source or relay node searches for to be 10. In
the following proposition, we show that 𝑑𝑜𝑝𝑡 and 𝑁𝑜𝑝𝑡 do not
vary with the overall distance 𝐿.

Proposition 3: Under the assumption of high node density
and letting 𝑑 be a real variable, the optimal hop distance
𝑑𝑜𝑝𝑡 and the optimal number of cooperating nodes 𝑁𝑜𝑝𝑡

are independent of the distance between the source and the
destination 𝐿.

Proof: See Appendix C.
Note that if the distance 𝐿 from source to destination is

shorter than or equal to the broadcast radius 𝑟 used, it is not
necessary to carry out the cooperative transmission specified
in Phase 2. Therefore, we have 𝑑𝑜𝑝𝑡 = 𝑟 and 𝑁𝑜𝑝𝑡 = 0 if
𝐿 ≤ 𝑟.

Similar to multihop cooperative MISO transmission, the
optimal hop distance that minimizes the energy consumption
of multihop SISO transmission, 𝑑𝑜𝑝𝑡𝑆𝐼𝑆𝑂 , can also be obtained
under the assumption of high node density [1], i.e.

𝑑𝑜𝑝𝑡𝑆𝐼𝑆𝑂 = 𝛼

√
𝑒1

(𝛼 − 1) ⋅ 𝑒2 (24)

where 𝑒1 = 𝑃𝑐𝑡+𝑃𝑐𝑟

𝑅 , and 𝑒2 = 𝐺 ⋅𝐸𝑏,𝑆𝐼𝑆𝑂. 𝐸𝑏,𝑆𝐼𝑆𝑂 denotes
the average energy per bit for the required BER of SISO.
Correspondingly, the minimum energy consumption per bit of
multihop SISO transmission 𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂 is given by

𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂 =
𝛼 ⋅ 𝐿
𝛼 − 1

⋅ 𝛼

√
(𝛼 − 1) ⋅ 𝑒𝛼−1

1 ⋅ 𝑒2 (25)
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TABLE I: Circuit and system parameters

𝑃𝑐𝑡 = 150 mW 𝑃𝑐𝑟 = 100 mW
𝐵 = 10 kHz 𝑏 = 2
𝜂 = 0.35 𝐺𝑡𝐺𝑟 = 5 dBi
𝑀𝐿 = 40 dB 𝑁0 = −171 dBm/Hz
𝑁𝑓 = 10 dB 𝑅𝑠 = 1/2
𝜆 = 0.12 m 𝑃 𝑏,𝑏𝑝 = 𝑃 𝑏,𝑐𝑝 = 10−4

𝛼 = 2 𝜌 = 1 nodes/m2

𝐿 = 5000 m
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Fig. 2: Energy consumption per bit over hop distance under
different numbers of cooperating nodes for 𝜌 = 1.

IV. NUMERICAL RESULTS

The numerical results of the joint optimization of the hop
distance and the number of cooperating nodes under high node
density are presented in this section. The circuit and system
parameters, in line with other research works, are summarized
in Table I. The constellation size 𝑏 is chosen to be 2, thus we
have 𝐶1 = 1 and 𝐶2 = 2 according to [7]. The spatial rate 𝑅𝑠
is set to be 1/2, as a rate-1/2 orthogonal STBC can be used
regardless of the number of antenna elements (cooperating
nodes) based on the generalized complex orthogonal design
[15]. The node density 𝜌 is chosen to be 1 nodes/m2 thus the
average distance between two adjacent nodes is about 1 m,
while the optimal hop distance obtained ranges from decades
to hundreds meters, thus the network can be considered to be
highly dense.

The optimization results for cooperative MISO obtained us-
ing (19) are shown in Fig. 2, in which the energy consumption
per bit 𝐸𝑏𝑖𝑡 is plotted against the hop distance 𝑑 for different
numbers of cooperating nodes. It can be seen that for a given
number of cooperating nodes the local optimal hop distance 𝑑∗

can be determined to minimize the energy consumption per bit.
Clearly, energy saving through the hop distance optimization is
shown to be significant. It is also shown that the local optimal
hop distance varies with the number of cooperating nodes,
indicating the possibility of finding 𝑁𝑜𝑝𝑡, which leads to the
global minimum energy consumption 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 .

In Fig. 3, the local minimum energy consumption per bit
𝐸∗
𝑏𝑖𝑡 is plotted against the number of cooperating nodes 𝑁 . It

is shown that the optimal number of cooperating nodes 𝑁𝑜𝑝𝑡

can be determined to minimize 𝐸∗
𝑏𝑖𝑡. Given the circuit and
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Fig. 3: Local minimum energy consumption per bit over the
number of cooperating nodes.

system parameters in Table I, the global minimum energy
consumption per bit 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 obtained by the joint optimization is
1.19×10−3 J. The corresponding optimal number of cooperat-
ing nodes 𝑁𝑜𝑝𝑡 is 4, and the optimal hop distance 𝑑𝑜𝑝𝑡 is 939.2
m. For the same circuit and system parameters, the optimal
hop distance for multihop cooperative MISO transmission is
much larger than that of SISO transmission given by (24).
For example, the optimal hop distance of SISO transmission
is only 25.2 m for the parameters given in Table I. This can
be explained by the fact that the spatial diversity exploited
by cooperative MISO will reduce the transmission energy
under a given BER, thus a larger hop distance is preferred
for cooperative MISO than SISO for energy-efficient data
transmission.

Note that when different circuit and system parameters
are chosen, the values of the above optimal results vary
accordingly. The BER requirement is an important parameter,
and the impact of BER requirement on cooperative MISO
transmission in multihop networks has been studied in [12].
For instance, when the required BER is set to be 10−3 and
other parameters are the same as listed in Table I, the optimal
hop distance, the optimal number of cooperating nodes and
the global minimum energy consumption per bit are 1077.2
m, 3 and 8.59×10−4 J, respectively.

As the path-loss exponent, which reflects the condition of
transmission channel, increases, the optimal hop distances of
both multihop cooperative MISO and SISO transmission, i.e.
𝑑𝑜𝑝𝑡 and 𝑑𝑜𝑝𝑡𝑆𝐼𝑆𝑂, will decrease, as shown in Fig. 4. This
reaction is due to the increased path loss that forces the system
to choose a shorter hop distance in order to meet the BER
requirement at the receiver with a fixed transmitting power. It
is also shown that 𝑑𝑜𝑝𝑡 changes faster than 𝑑𝑜𝑝𝑡𝑆𝐼𝑆𝑂 , since the
energy consumption of one hop transmission in cooperative
MISO is more sensitive to the change of path loss conditions
than that of SISO transmission. The optimal hop distance is
shown in the logarithmic scale.

In Fig. 5, the minimum energy consumption per bit against
the path-loss exponent is shown for both multihop cooperative
MISO and SISO transmission, in terms of 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 versus 𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂.
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Fig. 4: Optimal hop distance comparison between cooperative
MISO and SISO for different path-loss exponents.
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Fig. 5: Energy efficiency comparison between cooperative
MISO and SISO for different path-loss exponents.

It can be seen that when the path-loss exponent is 2, which
is the case of low path-loss, cooperative MISO transmission
consumes about 80% less energy than SISO transmission.
However, in the case of high path loss (𝛼>3.5) cooperative
MISO transmission could consume more energy than SISO
transmission.

To explain the performance of 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 versus 𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂 given in
Fig. 5, detailed energy consumption elements that contributed
to both 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 and 𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂 are shown in Fig. 6, including
transmission and circuit energy consumption and energy costs
at different phases of the cooperative MISO scheme. As it can
be seen, with low path-loss exponents, both transmission and
circuit energy consumption of Phase 2 for cooperative MISO
transmission are much less than those for SISO transmission.
In addition, the energy consumption of Phase 1 for cooperative
MISO is also very small because when the path-loss exponent
is low the number of hops needed for multihop cooperative
MISO transmission is much less than that for multihop SISO
transmission. As the path-loss exponent increases, the number
of hops for MISO transmission increases at a faster pace
than SISO transmission, causing both transmission and circuit
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Fig. 6: Energy consumption comparison between cooperative
MISO and SISO.

energy consumptions of Phase 2 to increase considerably and
the energy consumption of Phase 1 to become more noticeable.
As a result, 𝐸𝑜𝑝𝑡𝑏𝑖𝑡 could exceed 𝐸𝑜𝑝𝑡𝑆𝐼𝑆𝑂 when the channel
condition is poor, i.e. with high path-loss exponents, as shown
in Fig. 5.

Note that the circuit energy in Phase 2 with cooperative
MISO is increasing with a higher slope with increasing path-
loss exponent 𝛼 than that for transmission energy as shown
in Fig. 6. When the path-loss exponent increases from 2
to 4 the optimal hop distance decreases sharply from 939.2
m to 17.4 m, as shown in Fig. 4. As transmission energy
consumed in Phase 2 depends on both hop distance and link
conditions represented by the path-loss exponent, this mixed
effect (i.e. decrease in 𝑑𝑜𝑝𝑡 and increase in 𝛼) will cause the
transmission energy to increase slowly overall. Meanwhile,
the sharp decrease in hop distance means sharp increase in
the number of hops, thus the increase in circuit energy in
Phase 2 at a much higher pace than what has happened to
transmission energy is expected. This is because the circuit
energy consumption is directly related to the number of
transmission hops.

V. A COOPERATIVE MISO MULTIHOP TRANSMISSION

SCHEME

In this section, we propose a cooperative MISO multihop
transmission scheme that applies to networks without a con-
straint on node density, and investigate the performance of
the joint optimization method discussed above in this scenario
through simulation.

A. Scheme Description

We consider a wireless ad hoc network where node distri-
bution is not necessarily highly dense. Each node is assumed
to know its own location and all other nodes’ locations in the
network. This can be achieved by applying any of existing
localization algorithms [20]. Suppose that a source 𝑆 intends
to transmit a data packet to a destination 𝐷. The multihop
transmission scheme proposed is performed as follows.
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Fig. 7: Illustration of the proposed scheme.

Step 1) Relay node selection. To achieve minimum energy
consumption the source prefers to transmit data to the relay
node that lies in the linear route between the source and the
destination with hop distance 𝑑. However, in the networks
where node density is low, nodes are not always available
at exactly the desired locations. In this situation the source
has to select the node closest to the desired location to be the
relay node instead (cf. Fig. 7). If the node density is extremely
low the relay node selected may lie in the opposite direction
to the destination. To avoid this situation, the selected relay
node should be closer to the destination than the source, thus
it must lie within the circle centered at the destination with
the radius, 𝑟′, which is made by the direct line between the
source and destination, as indicated in Fig. 7. If the destination
is closer to source than the desired location, it will be selected
as the relay node directly.

Step 2) Cooperating nodes selection. The source selects 𝑁
closest nodes around it as cooperating nodes. For the cases
that the number of close-by nodes is less than 𝑁 , all the nodes
that can receive the broadcasted data packets in step 3) will
be selected as cooperating nodes.

Step 3) Data packet transmission. The source first broadcasts
data packets to the cooperating nodes, and then the source and
the cooperating nodes transmit these packets to the selected
relay node simultaneously using distributed orthogonal STBC.

Step 4) Next-hop transmission. The selected relay node
repeats Step 1)-Step 3) as a new source node to forward the
data, until data packets reach the destination.

B. Simulation Results

The optimal hop distance and optimal number of coop-
erating nodes that minimize the energy consumption of the
proposed transmission scheme are identified through simula-
tion in a general network. In our simulations, the nodes are
uniformly distributed with node density 𝜌, and the source and
the destination are located at (0,0) and (5000m,0), respectively,
on a two-dimensional plane. All the other parameters used
are chosen from Table I except node density 𝜌 and path-loss
exponent 𝛼.

In Fig. 8, the energy consumption per bit is plotted against
the hop distance for different numbers of cooperating nodes
for 𝛼 = 2 and 𝜌 = 0.01. Similar to in Fig. 2, we can see
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Fig. 8: Energy consumption per bit over hop distance under
different numbers of cooperating nodes for 𝛼 = 2 and 𝜌 =
0.01.

that the optimal hop distance exists to achieve the minimum
energy consumption for a given number of cooperating nodes.
Based on these results, we can also obtain the global minimum
energy consumption by identifying the optimal number of
cooperating nodes using the same approach as used in Section
IV. For the given parameters as applied to Fig. 8, the global
minimum energy consumption per bit is 1.22×10−3 J, and the
corresponding optimal number of cooperating nodes and the
optimal hop distance are 4 and 1008 m, respectively.

The optimal hop distance and optimal number of cooper-
ating nodes obtained are the criteria used for the selection
of relay nodes and cooperating nodes, respectively, in the
proposed cooperative MISO multihop transmission scheme.
The real values of hop distance and the number of cooper-
ating nodes used may be different from the optimal ones,
especially when the network is less dense. Fig. 9 illustrates
the comparison between the optimized multihop cooperative
MISO transmission in a high-density network (Fig. 9(a)) and
that in a low-density network (Fig. 9(b)). When the network
is highly dense, data is transmitted through a linear route.
The hop distances and the numbers of cooperating nodes are
identical for all hops and they are optimal. However, for the
low-density network, the selected relay nodes will drift off the
linear route, and the hop distances used may not be identical.
Since the number of the close-by nodes around relay nodes
may be less than the optimal number of cooperating nodes
required, and all close-by nodes will participate in cooperative
transmission, the actual number of cooperating nodes may be
different at each hop.

The relationships between the optimal hop distance and
node density are demonstrated in Fig. 10(a) for cooperative
MISO transmission and in Fig. 10(b) for SISO transmission,
respectively. In Fig. 10(a), the simulation results show that for
the low path-loss exponent (𝛼=2), the optimal hop distance
of cooperative MISO transmission is almost unchanged and
matches to the numerical result (𝜌 = 1), which is plotted as
a baseline for the purpose of comparison, when node density
is higher than 10−5 nodes/m2. We can also see that the gap
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(a) High-density network (b) Low-density network

Fig. 9: Optimized multihop cooperative MISO transmission comparison between high-density and low-density networks.
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Fig. 10: Optimal hop distance comparison between simulations for different node densities and numerical results at high node
density.

between the simulation and numerical results increases to
more than 10% when the node density is reduced to 10−5

nodes/m2. It is also shown that for a higher path-loss exponent
(𝛼=4), the optimal hop distance remains nearly constant and
the difference from the numerical result (𝜌=1) is within 10%
until the node density is reduced to 10−3 nodes/m2. Note that
as node density decreases to be lower than some values, the
hop distance increases noticeably. This implies a decrease in
the number of hops. For example, when 𝛼=4 the number of
hops reduces from 288 to 84 as node density reduces from 1
to 10−4 nodes/m2.

In Fig. 10(b), it shows that the optimal hop distance in mul-
tihop SISO transmission is more sensitive to node density than
that in cooperative MISO transmission. We can see that for
SISO transmission the optimal hop distance increases notice-
ably when the node density reduces to 10−2 nodes/m2, while
for cooperative MISO transmission the noticeable change of
optimal hop distance happens at 10−3 nodes/m2 for 𝛼=4
(10−5 nodes/m2 for 𝛼 = 2). Again, the numerical baseline
is also used to compare with the simulation results, showing
that the difference between the two methods increases steadily
from the point of node density equal to 10−2 nodes/m2 and
downwards.

The relationship between the optimal number of cooperating
nodes and node density for the proposed cooperative MISO

transmission scheme is shown in Fig. 11. When 𝛼 = 2,
the optimal number of cooperating nodes is shown to be
independent of node density and the simulation results are
the same as the numerical baseline until the node density
is reduced to 10−5 nodes/m2. When the path-loss exponent
is 4 more cooperating nodes are needed when node density
decreases from as low as 10−2 nodes/m2.

VI. CONCLUSION

In this paper, we investigate the optimization problem of
hop distance in combination with the number of cooperating
nodes in an ad hoc network that employs cooperative MISO
transmission, in order to improve its energy efficiency. To
minimize the energy consumption per bit, hop distance and
the number of cooperating nodes are jointly optimized under
the condition of high node density, which demonstrates that
significant improvements in energy efficiency can be achieved
through this optimization. The influence of the path-loss
exponent on the optimal results is also investigated for both
cooperative MISO and SISO transmissions. It is shown that the
maximized energy efficiency of cooperative MISO is higher
than that of SISO when the path-loss exponent is low, and this
situation is reversed with high path-loss exponents. The joint
optimization approach is also applied to a proposed multihop
cooperative MISO scheme through simulation in a network
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Fig. 11: Optimal number of cooperating nodes comparison
between simulations for different node densities and numerical
results at high node density.

without the node density constraint. Based on the comparison
between simulation and numerical results, it is shown that the
numerical optimal results can match the simulation ones when
the network is highly dense, and the difference between them
in the sparse network is variable depending on the value of
the path-loss exponent. Our results can be used as a guideline
to the design of energy-efficient communication protocols in
wireless ad hoc networks.

Note that in this work we only consider one receiving
node at each hop to minimize the combining and decoding
complexity at the receiver. A more complex communication
process that involves a group of receiving nodes can be
investigated by extending our work at this stage.

APPENDIX A
PROOF OF PROPOSITION 1

To solve the optimization problem in (17) under high node
density assumption, i.e.

∑𝐾
𝑘=1 𝑑𝑘 = 𝐿, we set

𝐹 =

𝐾∑
𝑘=1

𝐸
(𝑘)
ℎ + 𝛽 ⋅ (

𝐾∑
𝑘=1

𝑑𝑘 − 𝐿) (26)

where 𝛽 ∕= 0 is Lagrange multiplier. Let the number of
cooperating nodes take on real values, according to the method
of Lagrange multipliers, we obtain⎧⎨

⎩

∂𝐸
(𝑘)
ℎ

∂𝑑𝑘
+ 𝛽 = 0, 𝑘 = 1, 2, ..., 𝐾

∂𝐸
(𝑘)
ℎ

∂𝑁𝑘
= 0, 𝑘 = 1, 2, ..., 𝐾

𝐾∑
𝑘=1

𝑑𝑘 = 𝐿

(27)

It is shown that 𝑑𝑘 and 𝑁𝑘 need satisfy⎧⎨
⎩

∂𝐸
(𝑘)
ℎ

∂𝑑𝑘
= −𝛽

∂𝐸
(𝑘)
ℎ

∂𝑁𝑘
= 0

(28)

for 𝑘 = 1, 2, ..., 𝐾 .

Based on the energy model, we can obtain that

∂𝐸
(𝑘)
ℎ

∂𝑑𝑘
= 𝛼 ⋅ 𝑔2(𝑁𝑘) ⋅ 𝑑𝛼−1

𝑘 (29)

and
∂𝐸

(𝑘)
ℎ

∂𝑁𝑘
=

∂𝑔1(𝑁𝑘)

∂𝑁𝑘
+

∂𝑔2(𝑁𝑘)

∂𝑁𝑘
⋅ 𝑑𝛼𝑘 (30)

It can be found that ∂𝐸
(𝑘)
ℎ

∂𝑑𝑘
and ∂𝐸

(𝑘)
ℎ

∂𝑁𝑘
vary with 𝑑𝑘 and 𝑁𝑘 in

the same manner for all the values that 𝑘 can take on. This
implies that, for each value of 𝑘, (28) has the same set of
solutions. Thus setting 𝑑𝑘 and 𝑁𝑘 identical for all hops, i.e.
𝑑1 = 𝑑2 = ... = 𝑑𝐾 = 𝐿/𝐾 and 𝑁1 = 𝑁2 = ... = 𝑁𝐾 , is
sufficient for achieving the minimum energy consumption.

APPENDIX B
PROOF OF PROPOSITION 2

Taking the second-order derivative of energy consumption
per bit 𝐸𝑏𝑖𝑡 given in (20) with respect to 𝑑 for a given 𝑁 , we
have

∂2𝐸𝑏𝑖𝑡
∂𝑑2

=
𝐿

𝑑3
⋅ [(𝛼−1) ⋅ (𝛼−2) ⋅𝑔2(𝑁) ⋅𝑑𝛼+2 ⋅𝑔1(𝑁)] (31)

Note that 𝛼 ≥ 2, 𝑔1(𝑁) > 0, 𝑔2(𝑁) > 0, 𝐿 > 0, and 𝑑 > 0.
As a result, ∂

2𝐸𝑏𝑖𝑡

∂𝑑2 > 0. Therefore energy consumption per bit
𝐸𝑏𝑖𝑡 given in (20) is a convex function of hop distance 𝑑 for
a given 𝑁 .

APPENDIX C
PROOF OF PROPOSITION 3

We first prove that the optimal number of cooperating nodes
𝑁𝑜𝑝𝑡 is independent of the distance between source and des-
tination 𝐿. 𝑁𝑜𝑝𝑡 can be obtained by solving the optimization
problem given in (23). If the number of cooperating nodes 𝑁
is considered as a continuous variable, the problem becomes
a convex optimization problem.

Taking the first-order derivative of 𝐸∗
𝑏𝑖𝑡 in (23) with respect

to 𝑁 , we have

𝑑𝐸∗
𝑏𝑖𝑡

𝑑𝑁
= 𝐿 ⋅ {(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−1 ⋅ 𝑔2(𝑁)} 1−𝛼

𝛼

⋅{(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−2 ⋅ 𝑑𝑔1(𝑁)

𝑑𝑁
⋅ 𝑔2(𝑁)

+[𝑔1(𝑁)]𝛼−1 ⋅ 𝑑𝑔2(𝑁)

𝑑𝑁
} (32)

Setting 𝑑𝐸∗
𝑏𝑖𝑡

𝑑𝑁 equal to zero, we have

{(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−1 ⋅ 𝑔2(𝑁)} 1−𝛼
𝛼

⋅{(𝛼 − 1) ⋅ [𝑔1(𝑁)]𝛼−2 ⋅ 𝑑𝑔1(𝑁)

𝑑𝑁
⋅ 𝑔2(𝑁)

+[𝑔1(𝑁)]𝛼−1 ⋅ 𝑑𝑔2(𝑁)

𝑑𝑁
}∣𝑁=𝑁𝑜𝑝𝑡 = 0 (33)

Based on (15), we can find that 𝑔1(𝑁) and 𝑔2(𝑁) are
independent of 𝐿, thus from (33) it can be easily found that
𝑁𝑜𝑝𝑡 is independent of 𝐿.

The optimal hop distance 𝑑𝑜𝑝𝑡 can be obtained by sub-
stituting 𝑁𝑜𝑝𝑡 into (21). Equation (21) is independent of 𝐿,
thus 𝑑𝑜𝑝𝑡 is independent of the distance between source and
destination 𝐿.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
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