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Abstract—In this paper, we investigate the spectral efficiency of
MIMO two-way multihop networks when multiple flows co-exist
and share the same channel. We assume that each multihop flow
mitigates only its own intra-flow interference. More precisely,
spatial array processing cancels adjacent node interference and
a jointly optimal routing and power allocation strategy mitigates
the weaker interference from far nodes. By assuming two types
of topology, we study the effect of the inter-flow interference
on the end-to-end capacity when the density of flows increases.
For the linear topology, we show that multihop routing signifi-
cantly improved the overall spectral efficiency in dense multihop
networks; while single hop MIMO performed better at high
SNR regime when there is no interfering flow nearby. However,
the network was vulnerable to inter-flow interference in the
parallel topology. Consequently, distributed admission control
and resource allocation schemes, with coordination among the
flows, will be of interest to further improve the spectral efficiency
of the multihop networks.

I. INTRODUCTION

Wireless multihop networks will be a key component of

future ubiquitous networks. In fact, they offer several benefits

such as coverage extension, robustness to shadowing and

ease of deployment. Thanks to their distributed architecture,

multihop networks also enable a broad range of innovative

applications such as industrial plant control or smart utility

environments [1].

Although these applications are expected to require high

data rate, current multihop networks suffer from a throughput

degradation when the number of nodes increases [2]. This

degradation is mainly due to the way spectrum is currently

used to avoid interference. For instance, random MAC pro-

tocols with collision avoidance (e.g. CSMA/CA) leads to

spectral inefficiency in multihop networks. It is also the case

for orthogonal MAC which assigns a different channel to each

link in one multihop flow.

Routing, which is the process of selecting a path to forward

the packets between two end-nodes, has also an impact on

the achievable throughput. It determines the intermediate relay

nodes, their numbers and their locations. In contrast to mobile

ad-hoc networks, we assume fixed relay nodes such as in

backbone mesh networks.

Under the orthogonal MAC assumption, it was shown in [5],

[6], [7] that multihop routing is advantageous in power-limited

regime but less spectrally efficient than single hop routing

due to the orthogonality loss. Furthermore, when simultaneous

flows co-exist in the network, multihop routing with lower

transmit power can increase the area spectral efficiency at the

expense of the end-to-end throughput [7]. This fundamental

trade-off makes the provision of high data rates for multiple

flows even harder under an orthogonal MAC assumption.

Channel reuse, however, creates interference which also

deteriorates the throughput. Unlike cellular networks, interfe-

rence management in multihop networks is a greater challenge.

When the same channel is simultaneously used by all links

in a single flow, the resulting intra-flow interference can

significantly reduce the end-to-end throughput. In addition, if

multiple flows share the same channel, inter-flow interference

also arises. Therefore, advanced spectrum sharing techniques

and new interference management strategy are needed to

improve the spectral efficiency of multihop networks.

To address these issues, we propose a novel network archi-

tecture, called MIMO two-way multihop network [3], in which

all links of a single flow share the same spectrum channel.

With multiple antennas at each node, spatial signal processing

is performed to multiplex bidirectional streams in the multihop

path and also to cancel all adjacent node interference. Further-

more, we mitigate the remaining interference from far nodes

with a cross-layer approach by jointly optimizing the routing

and power allocation.

Our objective is to investigate the spectral efficiency of the

MIMO two-way multihop networks when co-existing flows

are further allowed to share the same channel. To this end,

we considered the linear and parallel flow topologies and

analyzed the effect of the inter-flow interference on the end-to-

end capacity when the density of flows increases. We have not,

however, addressed in this work the mitigation of inter-flow

interference. Although we assumed that each flow mitigates

only its own intra-flow interference, we show that multihop

routing with optimal power allocation significantly improved

the overall spectral efficiency in dense multihop networks,

especially in the linear topology. Furthermore, single hop

MIMO transmission provided higher throughput in high SNR

regimes only when there is no interfering flow nearby. Finally,

we observed that the network is more vulnerable to inter-flow

interference in the parallel topology.

In Section II, we describe the MIMO two-way multihop

network model and present the cross-layer approach for miti-

gating the intra-flow interference. In Section III, we analyze

the effect of inter-flow interference on the spectral efficiency

of the network with co-existing flows.
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II. INTRA-FLOW INTERFERENCE MANAGEMENT

A. MIMO Two-way Multihop Network Model

A MIMO two-way multihop network differs from con-

ventional multihop networks in two important features: bidi-

rectional link multiplexing and adjacent node interference

cancellation [3].

First, MIMO spatial multiplexing enables the simultaneous

transmission of forward and backward streams by each trans-

mit (TX) node to its following and preceding receive (RX)

nodes as described in Figure 1 and 2. Along the MIMO

two-way multihop path, TX and RX nodes are then arranged

alternatively at each time slot. However, at the next time slot,

all TX nodes become RX nodes and vice versa. Consequently,

two time slots are only required to achieve an end-to-end

bidirectional transmission.

Second, all interference coming from adjacent node are

spatially cancelled with MIMO techniques. This feature is

very important since all links in the multihop path share the

same channel. In contrast, conventional multihop networks

suffer from adjacent node interference unless it is avoided

with channel orthogonalization (Figure 2). Therefore, MIMO

two-way relaying is more spectrally efficient compared to

conventional SISO multihop networks.

To cancel adjacent node interference and multiplex forward

and backward streams along the path, both linear algorithms

(ZF or MMSE) and nonlinear MIMO algorithms (SIC/DPC)

can be used [3]. In this paper, we only consider the linear

algorithm where each TX or RX node, equipped with M

antennas, can cancel M−1 interference signals. Moreover, we

consider the case M = 3. At each node, there are two weights

for the forward and backward paths. The adjacent interference

signals at node i are cancelled sequentially by a combination

of its receive weights w
rF
i and w

rB
i , and the transmit weigths

w
tF
i+1and w

tF
i+1 of its following node as illustrated in Figure 1.

In the figure, ⊥ means the weight is orthogonal to the effective

channel of the interference signal, thus canceling it; and ‖
denotes the weight is parallel to the direction of the desired

signal. These antenna weights are calculated successively from

left to right based on the knowledge of the left adjacent link

channel information only. For more details on the MIMO two-

way relaying algorithms, we refer the interested reader to [3].

In the following, we consider a wireless multihop network

with N nodes and L = N − 1 active links. Because of

the two-way transmission where RX and TX nodes switch

their role at each time slot, we should distinguish between

the sets of forward links and those of backward links in odd

numbered time slots as Io = IF
o ∪ IB

o , and in even numbered

time slots as Ie = IF
e ∪ IB

e . For odd time slots, the set

of forward and backward links are IF
o = {1, 3, 5, · · · } and

IB
o = {2, 4, 6, · · · } respectively. For even time slots, they

become IF
e = {2, 4, 6, · · · } and IB

e = {1, 3, 5, · · · }.

Next, we define the average effective channel gain between

the TX node T (k) of link k and the RX node R(l) of link l

by:

gl,k = E

[∣∣∣∣(wr,dir(l)
l

)H

H̃R(l),T (k)w
t,dir(k)
k

∣∣∣∣
2
]

(1)
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Figure 1. Model of MIMO two-way multihop network with linear processing.

where E() means expectation, the dir(l) and dir(k) indicates

respectively the direction (forward or backward) of links l and

k, H̃R(l),T (k) ∈ CM×M is the Rayleigh fading channel matrix

between TX node T (k) and RX node R(l), w
t,dir(l)
j ∈ CM is

the transmit weight vectors of T (k) for the indicated direction

of link k and w
r,dir(l)
k ∈ CM is the receive weight vector at

R(l) for the direction of link l.

B. SINR expression

The average signal to interference plus noise ratio (SINR)

of link l is obtained by

γl =
gl,lPR,l∑

k �=l

gl,kPR.l + σ2

γl =
gl,lD

−α
l,l Pl∑

k �=l

gl,kD
−α
l,k Pk + 1

(2)

where we assumed a simplified path loss model PR,l =

PT,kK
(

d0

Dl,k

)α

and normalized the transmit power PT,k over

the noise power σ2 as Pl =
PT,kK

σ2 . K =
(

c
4πd0fc

)2

is

the path loss at the reference distance d0 = 1 m, fc is the

center frequency, and Dl,k is the distance between T (k) and

R(l). The interference term in (2) comes only from far node

interferers since all adjacent node interference signals are

cancelled by the MIMO two-way linear scheme.

C. Optimal Routing and Power Allocation

In this section, we briefly review the cross-layer approach,

based on the joint optimization of routing and power allo-

cation, for mitigating the remaining interference from far

nodes. The objective is to find the optimal relay locations

as well as the optimal power allocation at each node that

maximizes the bottleneck link SINR for both the forward and

backward flows. In the following, we summarize the problem

formulation which is based on the framework of geometric

programming [9].
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(a) Unidirectional transmission with adjacent node interference.

Tx TxRx Rx RxTx
link  #5

(b) Bidirectional transmission without adjacent node interference.

Desired Signal Adjacent Node Interference Far Node Interference

Figure 2. Comparison between: (a) conventional SISO multihop network; (b) MIMO two-way multihop network

Problem Formulation: Mathematically, the optimization

variables are the node-to-node distance vector d ∈ R
N , and

the power allocation vectors P o, P e ∈ R
N for odd and even

time slots. We can consider two types of power constraints: per

node power constraint and total power constraint. The latter

will be used in the following analysis in order to allow a

fair comparison of the performance of routing schemes with

different number of hops. In each time slot, we constrained the

multihop flow to allocate a maximum total power constraint

PT to its nodes as follows:

N∑
l=1

P o (l) ≤ PT ∀l ∈ Io (3)

N∑
k=1

P e (k) ≤ PT ∀k ∈ Ie (4)

so that the joint relay placement and power optimization

problem is formulated by:

variables d,P o,P e

maximize min
l∈Io∪Ie

γl (5)

subject to Total Power constraints in (3) − (4)

d � Dmin (6)

L∑
i=1

d(i) = DE2E (7)

where (6) is a minimum node-to-node distance constraint, and

(7) is the end-to-end distance constraint.

By replacing γl by (2) and introducing an auxilliary variable

t > 0, the optimization problem is equivalent to:

minimize t

subject to 1
γl

=

∑

k �=l

gl,kD
−α

l,k
Pk+1

gl,lD
−α

l,l
Pl

≤ t ∀l ∈ Io ∪ Ie

Constraints in (3), (4), (6) and (7)

(8)

where Dl,l (d) = d (l) is the distance of link l, and Dl,k (d)
is the distance between the RX node R(l) of link l and the

TX node T (k) of link k.

This optimization problem could be formulated as a gene-

ralized GP and was solved efficiently using a sequential GP

method based on posynomial approximation called condensa-

tion technique [10]. We refer the reader to the technical report

in [4] for more details. It can be proven that the solution x
∗ to
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Figure 3. End-to-end capacity of different routing and power allocation
strategies with N = 8 nodes and DE2E = 140 m.

this sequential GP method always satisfies the Karush-Kuhn-

Tucker optimality conditions of the original problem [11].

D. Performance of the intra-flow interference mitigation ap-

proach

Since the end-to-end performance of the multihop path is
limited at the bottleneck link, we used as a figure of merit the
average end-to-end capacity defined by:

CE2E =
1

2

[
E(CF

E2E) +E(CB
E2E)

]
[bit/s/Hz] (9)

where CF
E2E = min

l∈IFo ∪IFe

Cl and CB
E2E = min

k∈IBo ∪IBe

Ck are the

end-to-end capacity of forward and backward paths and

Cl = log
2
(1 + γl(n)) is the capacity of link l at time slot n.

Here, we briefly describe the achievable end-to-end capacity

when only a single flow exists. As illustrated in Figure 3, we

can see that routing has an important impact on the effective-

ness of power allocation to mitigate intra-flow interference in

multihop networks. Although all adjacent node interference

are cancelled by the MIMO two-way relaying technique,

the interference from far nodes can saturate the end-to-end

capacity at high SNR. In fact, a poor choice of route, such

as the uniform relay locations, resulted in large performance

loss even with optimal power allocation. However, the jointly

optimal routing and power allocation approach effectively

reduced the effect of interference and achieved a significant

capacity gain in interference-limited regime. Figure 3 also

shows that our scheme offer much higher spectral efficiency

than conventional SISO multihop networks.
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Figure 4. Linear network topology with three flows (single hop and multihop)
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Figure 5. Parallel network topology with three flows

III. ANALYSIS OF SPECTRAL EFFICIENCY WITH

INTER-FLOW INTERFERENCE

A. Network Topology

In the following, we consider a network with multiple

single hop or multihop flows sharing the same channel and

analyze the spectral efficiency when inter-flow interference is

considered. We assume that the number of hops is the same

for each flow but we vary the density of these simultaneous

flows in two different classes of network topology: the linear

topology (Figure 4) and the parallel topology (Figure 5).

Although there are other topologies which do fit in these

two types, the linear and parallel topologies are representative

of the flow topologies encoutered in real networks. In both

topologies, the flows are separated by a distance DS and we

change the ratio R = DS

DE2E
of this separation distance and

the end-to-end distance in order to control the density of the

co-existing flows.

B. Numerical Analysis

We considered a network with three flows, which have the

same end-to-end distance DE2E = 140 m. The simulation

parameters are summarized in Table I.

In each topology, we measured the end-to-end capacity of

the second flow since it was located in the middle of the

three flows, thus receiving most of the inter-flow interference.

Then, we compared the performance of the MIMO two-way

technique with different number of hops with that of the single

hop MIMO 3× 3 transmission.

For the linear topology, we found that the end-to-end

capacity of the single hop scheme vanished to zero when

10
−1

10
0

10
1

0

1

2

3

4

5

6

7

8

9

10

Distance Ratio

En
d−

to
−

en
d 

C
ap

ac
ity

 (b
ps

/H
z)

Uniform relay location

Equal Power Allocation

Single Hop
MIMO 3x3

Optimal Routing

and Power Allocation




���

�
�

�
�

Figure 6. Effect of inter-flow interference on end-to-end capacity with an
optimal number of hops and a total power constraint PT = 30dBm

the density of the flows increases (Figure 7). On the other

hand, the multihop routing could reduce the effect of inter-

flow interference from nearby flows. With a total power

constraint PT = 30dBm, multihop (N = 4, 6) and single hop

routing provided almost the same capacity when there was no

inter-flow interference (Figure 7). However, multihop routing

outperformed the single hop transmission as the density of

the flows increased, more precisely when R < 4 in both

topologies.

Figure 6 highlights this end-to-end capacity gain of multi-

hop routing over single hop transmision in dense multihop

flows. This gain is mainly due to the increase in number

of hops, which reduces the transmit power per node, thus

the inter-flow interference. Besides, an additional gain was

obtained from the jointly optimal routing and power allocation,

which also reduces the interference.

This means that MIMO two-way multihop routing is advan-

tageous in terms of overall spectral efficiency in dense mul-

tihop networks. The only case where single hop is desirable,

is when the SNR is very high (e.g. PT = 40dBm in Figure 7)

and there is no co-existing flow in the neighborhood.

Our findings are similar to previous observations in [2],

[7], [8] which assumed an orthogonal MAC scheme. The

area spectral efficiency can be improved by multihop routing

with reduced transmission power at the cost of the end-to-

end throughput. However, the MIMO two-way relay scheme

combined with optimal routing and power allocation offers sig-

nificantly higher spectral efficiency than conventional schemes.

Sikora et al. already showed in [8] that if full interference

cancellation is performed, the spectral efficiency of multi-

hop routing with spatial channel reuse can benefit from an

increased number of hops. Instead of assuming a full interfe-

rence cancellation such as in [8], however, we analyzed a more

practical scheme with partial interference cancellation. Our

scheme eliminates all intra-flow interference from adjacent

node interference and reduces the remaining interference with

optimal routing and power allocation.
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Figure 7. End-to-end capacity of flow no. 2 with different total power constraints in the in Linear Topology .

Finally, it can be noted from Figure 8 that the parallel

topology is more prone to inter-flow interference. In fact, the

flows almost overlap with each other when the separation

distance is close to zero. It is not the case for the linear

topology. For more general topologies, coordination among

the nodes of the flows is needed to alleviate the inter-flow

interference or to guarantee a QoS for each active flow.

This can be done through distributed admission control and

spectrum/power allocation schemes by imposing QoS and

“interference-temperature” constraints [12], or by exchanging

“interference prices” among the flows [13].

IV. CONCLUSION AND FUTURE WORK

We have studied the spectral efficiency of the MIMO

two-way multihop networks when multiple flows co-exist in

the network and share the same channel. In our approach

to mitigate intra-flow interference, spatial array processing

eliminates interference from adjacent nodes in a multihop

flow while an optimal routing and power allocation strategy

mitigates the remaining interference from far nodes. Our

results showed that this approach also improved the overall

spectral efficiency with co-existing flows in dense multihop

networks, especially in the linear topology. It was due to the

per node power reduction achieved by the multihop routing

and by the power allocation. In the parallel topology, however,

the strong inter-flow interference limited the spectrum sharing

between multiple flows. Finally, when there was no other flow

nearby, single hop MIMO transmission was desirable at high

SNR regime because of higher spatial multiplexing gain.

Although these results are similar to observations in pre-

vious work, our approach for mitigating intra-flow interfe-

rence is different and achieves higher spectral efficiency than

conventional schemes. Our future work is to investigate dis-

tributed routing, flow admission control and channel allocation

schemes for multihop networks with general topologies.
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