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ABSTRACT

In this paper, we propose algorithms for finding the optimum multi-
hop routes and corresponding transmit powers that maximizethe
throughput between a pair of device-to-device (D2D) nodes,under
a constraint on the maximum interference caused to the cellular net-
work. Our solution involves two steps. In the first step, we determine
the set offeasibleD2D links, based on the interference constraint.
In the second step, we use the celebrated Dijkstra’s algorithm to find
throughput-optimal routes between a given pair of D2D nodesunder
two scenarios:a) The Fixed Rate Schemeandb) The Fixed Power
Scheme. The dependency of the net D2D throughput on the system
parameters such as target SINR is analyzed for both the schemes,
and a procedure to find the optimum parameter setting is proposed.
The performance of the algorithms is illustrated using computer sim-
ulations. The results show that, depending on the network topology,
a significantly higher throughput can be achieved by using multi-hop
paths compared to using single-hop, direct D2D communication.

Index Terms— Optimal routing, D2D communications, Inter-
ference avoidance, Dijkstra’s algorithm.

1. INTRODUCTION

Device-to-Device (D2D) Communication has recently received
much research attention, as it promises to improve the spectral
efficiency [1–4], power efficiency [5, 6], and coverage [7] ofthe
network. It has also found its way into the LTE-A standard [8–10].
An excellent survey on D2D communication can be found in [11].
It is defined as the direct communication that takes place between
devices without traversing the core cellular network. Major chal-
lenges in D2D communication includea) interference management,
b) time-frequency-power resource allocation,c) mode selection, and
d) device discovery. In many practical scenarios, when two devices
may wish to communicate with each other in the D2D mode, the
direct path may not be optimal or even feasible due to the interfer-
ence constraint to the cellular network. One could possiblyachieve
higher throughput by considering routing the data over multiple
short-range, high-rate links. In this paper, we propose algorithms
for finding the optimal route and power allocation for D2D commu-
nication between a source and a destination, subject to a constraint
on the maximum interference caused to the core cellular network.

Most of the past work on D2D focuses oninband D2D, where
the D2D users use the spectrum licensed by cellular users. Ithas
been shown that, by employing interference-aware resourcealloca-
tion [1–3, 12] and mode selection [4, 5] techniques, it is possible to
significantly improve on the spectral efficiency of the network as a
whole. In [1], the authors propose a scheme where D2D users listen
to a control channel and adjust their operating parameters such that
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the interference from the D2D communication to the uplink cellular
link is below a maximum allowed level. In [2, 12], the authorscon-
sider an interference avoidance scheme wherein the base station (BS)
identifies the so-called at-risk users and broadcasts theirlocations as
well as the resources allocated to them. With this information in
hand, the D2D users perform radio resource management to avoid
causing interference to those users. In [3], the authors propose an
algorithm in which interference-limited areas are formed around the
D2D transmitter and receiver. Resources are allocated suchthat there
is no cellular user employing the same resource in the interference-
limited regions. The approach adopted here for D2D routing and
resource allocation uses a similar model to limit the interference
caused to the cellular network.

Consider a scenario where users are densely located in a region
with partial cellular coverage in each frequency band. The question
we wish to answer is, what is the optimal route for D2D communica-
tion? The direct path between the source and destination mayhave
a low rate due to the constraint on the interference to the cellular
users; while using several short-range, high-rate links may also be
suboptimal because of the multiple hops involved. To the best of our
knowledge, such a problem of optimal multi-hop routing in D2D
communications has not been considered in literature. We make a
modest, initial attempt at this problem, under two D2D communi-
cation models:a) A fixed rate scheme, in which all the D2D links
have the same rate, andb) A fixed power scheme, in which all the
D2D users transmit at the same power level. The fundamental dif-
ference between routing problems in D2D communication compared
to conventional routing problems lies in the constraint on the max-
imum interference that the D2D links are allowed to cause to the
cellular network. Moreover, the optimum route and the throughput
achieved by it are a function of the D2D operational parameters. We
also develop algorithms to find the optimal parameter settings that
maximize the throughput. Our main contributions are:

• We propose an algorithm to find the set of feasible D2D links
under a constraint on the maximum allowable interference to
the cellular users.

• We consider a scheme in which all the D2D links operate at the
same rate. We use the well-known Dijkstra’s algorithm to find
the optimal route between a given source and destination pair,
using the set of feasible links. We analyze the dependence of
the throughput between a given source and destination pair on
the value of the fixed rate. We propose an algorithm to find the
optimum value of the fixed rate that maximizes the throughput.

• We consider another scheme where all the D2D users transmit
at the same power level. Similar to the previous case, we find
the optimal route among the feasible links using Dijkstra’sal-
gorithm, and propose an algorithm to find the optimum level for
the fixed power to maximize the D2D throughput.

We illustrate the performance of the algorithms, and demonstrate
their optimality in terms of the throughput, using computersimula-
tions. The results underline the importance of a systematicapproach
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Fig. 1. The system model considered in this work.

to routing and power allocation in D2D networks. We start with de-
scribing the system model.

2. SYSTEM MODEL

We consider a network in whichN BSs andM D2D users are de-
ployed in a given area of interest. The locations of BSs as well as
D2D users are assumed to be known, but those of the cellular (mo-
bile) users are unknown. For simplicity, all BSs are assumedto be
transmitting independent signals at the same power,P , in a down-
link frequency band of interest. We quantify the interference caused
by the BSs to the D2D receivers using the path loss model, witha
known path loss exponent. Note that, although not trivial, it is possi-
ble to incorporate fading into this model, by making the interference
constraints probabilistic rather than deterministic. We consider an
underlay, inbandD2D communication scheme, due to which, there
are two types of interferences that need to be reckoned with:a) In-
terference from the BS to the D2D receiver andb) Interference from
the D2D transmitter to the cellular receiver. Figure 1 illustrates the
system model with(M = 3) D2D users and(N = 1) BS.

We consider three types of constraints on the D2D users. First,
each D2D link must be sufficiently reliable: we denote the mini-
mum/target SINR at the receiver of any D2D link byγ, in dB. Next,
since the locations of cellular users are unknown, we consider two
separate constraints – a minimum SNR constraint and a maximum
interference constraint. The minimum SNR constraint, denoted by
γb, determines theexclusion zonearound the BS within which a D2D
user is simply not allowed to transmit. The maximum interference
constraint, denoted byγd, represents the highest interference that
the cellular user can tolerate from any D2D transmitter. Ourfirst
task is to determine which of theM(M − 1) directional D2D links
are feasible, we address this next.

3. FEASIBLE D2D LINKS

As mentioned earlier, a link is said to befeasibleif reliable commu-
nication can take place on the link while also satisfying a constraint
on the interference to any cellular user regardless of its location. This
represents a conservative approach, which is necessary because the
mobile/cellular users’ locations are assumed to be unknownto the
D2D users or BS. Thus, we mandate that only D2D links for which
a) the SINR at the D2D receiver exceedsγ and b)the D2D transmit-
ter is outside the exclusion zone of all BSsand c) the interference
due to the D2D transmitter is belowγd at all locations where the

SNR from the BS exceedsγb, are feasible for D2D communication.
We describe algorithm to determine the feasible D2D links for the
fixed rate scheme as follows. In the fixed rate scheme, each D2D
link has a target rate, and, correspondingly, a minimum SINRfor
that rate to be achievable. We denote this minimum SINR byγ, in
dB, as mentioned earlier.

Step 1 Find the aggregate interference (caused by the BSs) plus
noise powerP dR

int , in dB, at a D2D user,dR.

Step 2 Find the minimum transmit power required,P dR
dT

, in dB,
for a given D2D transmitter,dT , to transmit reliably todR. This
depends upon the SINR thresholdγ and the interference from
the cellular system as follows:

P
dR
dT

= P
dR

int + γ + 10α log(DdR
dT

)

whereDdR
dT

is the distance betweendT anddR. Do this for every
pair ofdT anddR.

Step 3 The region around the BSi, ABSi , in which the SNR for
the corresponding cellular users is at leastγb dB is a circular re-

gion with radiusDmax= 10

(

P−γb
10α

)

centered at the location of
BSi. Shut down all the D2D links whose transmitters are within
distanceDmaxof any BS, and declare all links originating from
those D2D transmitters as infeasible.

Step 4 For a particular D2D transmitterdT outside the area
ABSi , i = 1, 2, . . . N , calculate the power level fordT that
ensures that the maximum interference at any point inABSi

is belowγd for eachi. This is found based onDmax and the
distanceDdT ,BSi

betweendT andBSi, using

P
max
dT ,BSi

= γd + 10α log(DdT ,BSi
−Dmax).

The above ensures that the interference at a hypothetical cellular
receiver at distanceDmaxfromBSi along the direction ofdT is
also belowγd. Thus, to satisfy the interference constraint for all
the BSs, the maximum powerdT can use is simply the minimum
of Pmax

dT ,BSi
. SetPmax

dT
= min1≤i≤N Pmax

dT ,BSi
.

Step 5 Declare the linkdT −→ dR infeasibleif P dR
dT

> Pmax
dT

.

Remark: For the fixed power scheme, all D2D transmissions
occur at a powerPD, the procedure for determining the feasible links
is simpler than the above. Steps 1 and 2 are not necessary, andin step
5, we declare the link infeasible ifPD > Pmax

dT
.

Using the above procedure, we can now form a directed
graphGγ(V,E) (in the fixed-power case,GPD (V,E)), with the
nodesV being the D2D users and the directed edgesE being the
indicators of feasibility of the links. Our next task is to determine
the optimal route between a D2D source-destination pair, which we
discuss below.

4. THROUGHPUT-OPTIMAL D2D ROUTING SCHEMES

In this section, we consider a D2D userdS that wishes to send data
to another D2D userdD over the network of feasible links deter-
mined above. We consider the fixed rate scheme and the fixed power
scheme in the following two subsections.

4.1. Fixed Rate Scheme

Here, D2D links that can achieve a fixed target rate are deemedto
be feasible. Since there is a one-to-one correspondence between the
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SINR at the D2D receiver and the rate achieved on the link (forex-
ample, through the Shannon capacity formula), the procedure pre-
sented in the previous section for a given SINR thresholdγ can
be used to find the D2D network graphGγ(V,E). The end-to-end
throughput is simply the rate achieved by any individual link divided
by the number of hops in the path. Hence, given the SINR threshold,
the optimal route is simply the shortest path in terms of the number
of hops, which can be determined efficiently by the well-known Di-
jkstra’s algorithm. Note that, here, in order to limit the interference
to the cellular users and to each other, we allow only one D2D link to
be active at a time in the given frequency band and area of interest.
The net rateReff achieved betweendS anddD is thus given by:

Reff(γ) =
log (1 + γ)

Number of hops
bps per Hz.

Now, asγ is increased, the numerator inReff(γ) increases, but
the denominator could also increase as the longer-range links be-
come infeasible, thereby increasing the number of hops to reach the
destination. Whileγb andγd are generally specified by the cellular
system, the D2D SINR thresholdγ can be varied to maximize the
effective rate, by solving the optimization problem

γopt = argmax
γ

Reff(γ).

We present a procedure for solving the above problem in Sec. 5.

4.2. Fixed Power Scheme

In the fixed power scheme, all D2D transmissions occur at a fixed
power levelPD . Again, the procedure described in the previous sec-
tion can be used to obtain the directed graphGPD (V,E) of feasible
D2D links. In this scheme, each feasible link achieves a different
rate, depending on the SINR at the corresponding receiver. Hence,
the shortest path is not necessarily the throughput maximizing path
in this case. However, with a little work, it can be shown thatthe
maximum rate that can be achieved on any path is simply the har-
monic mean of the rates that are achieved in each of the links divided
by the number of hops in the path. The division by the number of
hops is because only one D2D link is enabled at a given time-slot,
as discussed in the previous subsection. Thus, we seek to findthe
path for which the scaled harmonic mean of the rates of the links in
the path is maximum. This can be done by setting the inverse ofthe
rate achieved on each link as the link weight, and using the weighted
Dijkstra’s algorithm to find the shortest weighted distancepath. We
omit the details due to lack of space.

In the fixed power scheme, asPD increases, the rate achieved
by the individual links improves, but more of the D2D transmitters
might be shut down due to the interference constraint. In turn, this
could lead to a higher number of hops in the optimal path obtained,
resulting in a lower end-to-end rate. Hence, the D2D transmit power
PD can be optimized to maximize the throughputReff(PD) in a
manner similar to the previous subsection, whereReff(PD) is the
throughput achieved by the optimal path returned by Dijkstra’s al-
gorithm using the weighted cost minimization procedure, when the
power constraint isPD . We propose a solution to this problem of
finding the optimal operating pointPD in the next section.

5. OPTIMUM OPERATING POINTS

5.1. Fixed Rate Scheme

At γ = −∞ dB, all the D2D links are feasible, but the rate that
can be achieved on all the links is zero. Asγ increases, the rate

of each link increases and hence the throughputReff betweendS
anddD also increases. However, asγ is increased beyond the point
where one of the linksin the current best pathbecomes infeasible,
the throughput drops, since the number of hops now has to increase,
without any appreciable increase in the rate achieved on each indi-
vidual link. Further increase ofγ increases the throughput till one
more link in the current best path becomes infeasible. Thus,the
problem of findingγopt that maximizes the throughput is equiva-
lent to identifying the peaks in a plot of the throughput versusγ and
determining the best among them. This can be solved as follows:

Step 1 Find the maximum power (Pmax
dS

) at which the sourcedS is

allowed to transmit. Find the SINR (γdD
dS

) at dD corresponding
to that power. This is the best SINR that can be achieved using
the direct link. The first peak occurs precisely at this SINR.Call
this SINRγ1.

Step 2 Consider adi and the pathdS −→ di −→ dD. Suppose
the maximum feasible transmit powers ofdS anddi arePmax

dS

andPmax
di

, respectively. Find the SINR achieved on the two

links (say,γdi
dS

andγ
dD
di

). The maximum SINR at which this
path remains feasible is the minimum of the two SINRs. The
maximum SINR at which some two-hop path is feasible is given
by

γ2 = max
i6=D,S

(

min(γdi
dS

, γ
dD
di

)
)

A peak occurs here only ifγ2 is greater thanγ1. Due to this, we
can ignore all the links (and the paths involving those links) that
achieve an SINR less thanγ1, thereby simplifying the computa-
tional complexity of the above step. If there is no nodei such
thatmin(γdi

dS
, γ

dD
di

) > γ1, we say thatγ2 does not exist.

Step 3 Repeat Step 2 for all possible three hop paths, and determine

γ3 = max
i6=D,S,j 6=D,S,i

(

min(γdi
dS

, γ
dj
di
, γ

dD
dj

)
)

A peak exists here ifγ3 is greater than the previousγ (i.e.,γ2,
or γ1 if γ2 does not exist). Again, all the paths involving a link
that achieves a lower SINR than the previousγ can be ignored,
to reduce the computational complexity.

Step 4 Repeat the above step with increasing number of hops; a
point γf is found such that whenγ > γf , dS anddD are no
longer connected in the graphGγ(V,E). The existence ofγf is
guaranteed by the fact that the number of edges inGγ(V,E) is
a monotonically non-increasing function ofγ and goes to0 asγ
goes to∞.

Step 5 Setγopt = argmax1≤i≤M,γi existsReff(γi)

5.2. Fixed Power Scheme

As before, atPD = −∞ dB, all links are feasible, and each link
achieves zero rate. Following the same arguments in the previous
subsection, the plot of the throughputReff(PD) versusPD also ex-
hibits multiple peaks; and the task at hand is to determine the best
among them. The relationship between the rates on various links and
Reff (the scaled harmonic mean) is not as simple as in the previous
case, but the following procedure identifies all the points where the
peaks occur.

At sufficiently low transmit power, all the D2D links are feasible.
AsPD is increased,Reff(PD) increases until one of the D2D trans-
mitters becomes infeasible. This happens whenPD > Pmax

dT
(as

defined in Section 3) for one of the D2D nodesdT . If the best path
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Fig. 2. Locations of the BSs and D2D users in the area of interest.
The solid green lines show the feasible links for fixed rate commu-
nication at an SINR threshold ofγ = −1 dB; the dashed magenta
line shows the optimal route from Node 3 to Node 7.

connectingdS anddD at that value ofPD involves that D2D user,
Reff drops, as an alternate path with lowerReff has to be used.
The throughput continues to increase asPD is further increased till
one more D2D transmitter becomes infeasible. Eventually, at large
enoughPD , the source and the destination become disconnected,
and the search ends. Thus,P

opt
D is given by

P
opt
D = arg max

Pmax
dT

Reff(P
max
dT

)

Note that there are at mostM values ofPD for which the throughput
needs to be evaluated, to find the optimum solution.

6. SIMULATION RESULTS

We consider a square area of side32 units containingN = 2 BSs
andM = 10 D2D users. Figure 2 shows one such random topology
of nodes and BSs. We consider D2D users3 and7 as the source and
destination node, respectively. We assume a path loss exponent of4
and a reference distance of1 unit for computing the path loss. We
set the minimum SNR constraint asγb = 3 dB and the interference
threshold asγd = 1 dB.

We vary the SINR thresholdγ and the D2D transmit powerPD

in the fixed-rate and fixed-power cases, respectively, with the goal of
determining the optimum end-to-end throughput. Givenγ (or PD),
we first determine the set of feasible links and the connectivity graph
Gγ(V,E) (or GPD (V,E)) using the algorithm presented in Sec. 3.

Next, we determine the values ofγopt andPopt
D in two ways: by a

discrete numerical search with a step size of0.5 dB, and by using
the procedure described in Sec. 5 to evaluate the throughputfor at
mostM = 10 values ofγ (or PD).

For the fixed rate scheme, the results of the numerical search
and the algorithm presented in Section 5.1 are compared in Fig-
ure 3. We note that the algorithm correctly finds the points where
the peaks occur. The best throughput is achieved atγopt ≈ −1 dB;
the corresponding three-hop path is also shown in Figure 2. More
importantly, the discrete search misses the optimal throughput point
(which is aroundγ = −1 dB), and incorrectly suggests thatγ =
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Fig. 3. Fixed rate scheme: Illustration of the numerical search ap-
proach and the analytical approach for finding the maximum achiev-
able throughput.
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Fig. 4. Fixed power scheme: Illustration of the numerical search and
analytical approaches.

1 dB is optimal. This illustrates the utility of the proceduredevel-
oped in this paper for finding the optimal throughput. Further, the
optimum throughput is many orders of magnitude superior to the
maximum throughput achievable with single-hop communication.

A similar plot for the fixed power scheme, withPD on the x-
axis, is shown in Figure 4. Again, we see that by employing the
analytical approach presented in Section 5.2, we are able tocorrectly
identify the optimal operating point.

To conclude, in this paper, we investigated the problem of find-
ing the optimum multi-hop route that maximizes the throughput be-
tween a given pair of D2D users. We considered two schemes for
D2D communication, a fixed rate scheme, and a fixed power scheme,
and developed algorithms to find the optimum operating points for
both the schemes. The performance of the algorithms was illustrated
through computer simulations, by comparing it with that obtained
by exhaustive search. Future work could involve accountingfor fad-
ing to provide probabilistic guarantees for protection of the cellular
users, while maximizing the throughput of the D2D users.
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