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ABSTRACT

In this paper, we propose algorithms for finding the optimuitim
hop routes and corresponding transmit powers that maxithiee
throughput between a pair of device-to-device (D2D) nodesler
a constraint on the maximum interference caused to thelaetiet-
work. Our solution involves two steps. In the first step, wiedaine

the set offeasibleD2D links, based on the interference constraint.

In the second step, we use the celebrated Dijkstra’s atgortio find
throughput-optimal routes between a given pair of D2D nagteter
two scenariosa) The Fixed Rate Schemaedb) The Fixed Power
SchemeThe dependency of the net D2D throughput on the syste
parameters such as target SINR is analyzed for both the sshem
and a procedure to find the optimum parameter setting is pegho
The performance of the algorithms is illustrated using corapsim-
ulations. The results show that, depending on the netwqridogy,

a significantly higher throughput can be achieved by usinjithap
paths compared to using single-hop, direct D2D commurminati

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

1. INTRODUCTION
Device-to-Device (D2D) Communication has recently reeéiv
much research attention, as it promises to improve the igpect
efficiency [1-4], power efficiency [5, 6], and coverage [7]tbg
network. It has also found its way into the LTE-A standardl[8}-
An excellent survey on D2D communication can be found in [11]
It is defined as the direct communication that takes placedsst
devices without traversing the core cellular network. Majbal-
lenges in D2D communication includg interference management,
b) time-frequency-power resource allocatiehmode selection, and
d) device discovery. In many practical scenarios, when twacgsv
may wish to communicate with each other in the D2D mode,
direct path may not be optimal or even feasible due to thefarte
ence constraint to the cellular network. One could possiblyieve
higher throughput by considering routing the data over iplelt
short-range, high-rate links. In this paper, we proposerélyns
for finding the optimal route and power allocation for D2D com
nication between a source and a destination, subject to streart
on the maximum interference caused to the core cellularor&tw
Most of the past work on D2D focuses etband D20 where
the D2D users use the spectrum licensed by cellular usersaslt
been shown that, by employing interference-aware resalloea-
tion [1-3, 12] and mode selection [4, 5] techniques, it issiids to
significantly improve on the spectral efficiency of the netkvas a
whole. In [1], the authors propose a scheme where D2D ustes i
to a control channel and adjust their operating parametets that
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the interference from the D2D communication to the uplinkutar

link is below a maximum allowed level. In [2, 12], the authomn-
sider an interference avoidance scheme wherein the baism$BS)
identifies the so-called at-risk users and broadcastsltezitions as
well as the resources allocated to them. With this inforamain
hand, the D2D users perform radio resource management id avo
causing interference to those users. In [3], the authorpgz® an
algorithm in which interference-limited areas are formesliad the
D2D transmitter and receiver. Resources are allocatedthatthere

is no cellular user employing the same resource in the ertente-

r.H'mited regions. The approach adopted here for D2D routing a

resource allocation uses a similar model to limit the irerhce
caused to the cellular network.

Consider a scenario where users are densely located inanregi
with partial cellular coverage in each frequency band. Tirestjon
we wish to answer is, what is the optimal route for D2D comroani
tion? The direct path between the source and destinationhanes
a low rate due to the constraint on the interference to thielael
users; while using several short-range, high-rate linkg aiso be
suboptimal because of the multiple hops involved. To the dfesur
knowledge, such a problem of optimal multi-hop routing inD2
communications has not been considered in literature. Weraa
modest, initial attempt at this problem, under two D2D cominu
cation models:a) A fixed rate schemeén which all the D2D links
have the same rate, amj A fixed power schemé which all the
D2D users transmit at the same power level. The fundameiital d
ference between routing problems in D2D communication caregh
to conventional routing problems lies in the constraint loe max-
imum interference that the D2D links are allowed to causehto t
cellular network. Moreover, the optimum route and the tigrquut
achieved by it are a function of the D2D operational parametd/e
also develop algorithms to find the optimal parameter sgttihat
maximize the throughput. Our main contributions are:

thee 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 destinatian pai
using the set of feasible links. We analyze the dependence of
the throughput between a given source and destination pair o
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 Dijksted’s
gorithm, and propose an algorithm to find the optimum level fo
the fixed power to maximize the D2D throughput.

We illustrate the performance of the algorithms, and dernates
their optimality in terms of the throughput, using compugenula-
tions. The results underline the importance of a systeragficoach

ICASSP 2015



SNR from the BS exceeds,, are feasible for D2D communication.
We describe algorithm to determine the feasible D2D linkstfie
fixed rate scheme as follows. In the fixed rate scheme, each D2D
link has a target rate, and, correspondingly, a minimum SfbiR
that rate to be achievable. We denote this minimum SINR bin

dB, as mentioned earlier.

“ | <<§@A))2>> Base Station

Step 1 Find the aggregate interference (caused by the BSs) plus
noise powedDi‘ﬁ{t‘, in dB, ata D2D uselg.

------- > Interference

Vs I - Control Signals

D2D Smirce@ @ » ——  Cellular Data Step 2 Find the minimum transmit power requireﬂ’j“. in dB,
§ D2D Destination D2D Data for a given D2D transmittetr, to transmit reliably talr. This
Q" depends upon the SINR threshejdand the interference from
the cellular system as follows:
D2D user

dr _ pdr dp
Fig. 1. The system model considered in this work. Pt = Pint + v + 10 log (D %)
whereDj;f is the distance betweelr anddr. Do this for every
pair of dr anddr.

Step 3 The region around the B§ Ags,, in which the SNR for

the corresponding cellular users is at legstiB is a circular re-
P

—b
gion with radiusDmax = 10( 0o ) centered at the location of
BS;. Shut down all the D2D links whose transmitters are within

to routing and power allocation in D2D networks. We startwde-
scribing the system model.

2. SYSTEM MODEL

We consider a network in whiclv BSs andM D2D users are de-
ployed in a given area of interest. The locations of BSs a$ agel

D2D users are assumed to be known, but those of the cellular (m

bile) users are unknown. For simplicity, all BSs are assutndue
transmitting independent signals at the same powein a down-
link frequency band of interest. We quantify the interfeeiaused

by the BSs to the D2D receivers using the path loss model, avith

known path loss exponent. Note that, although not trivias, possi-
ble to incorporate fading into this model, by making theifgeence
constraints probabilistic rather than deterministic. \WWegider an

underlay, inbandD2D communication scheme, due to which, there

are two types of interferences that need to be reckoned ajtin-
terference from the BS to the D2D receiver dndnterference from
the D2D transmitter to the cellular receiver. Figure 1 itates the

distanceDmax of any BS, and declare all links originating from
those D2D transmitters as infeasible.

Step 4 For a particular D2D transmittedr outside the area

Aps,;,i = 1,2,... N, calculate the power level fair that
ensures that the maximum interference at any poin# jfy;

is below~, for each:. This is found based o®Wmax and the
distanceD,,. 5s, betweendr and B.S;, using

Pdn;?ési =74 + 10alog(Da,,Bs; — Dmax).

The above ensures that the interference at a hypothetitalbre
receiver at distancBmax from BS; along the direction ofr is
also belowy,. Thus, to satisfy the interference constraint for all
the BSs, the maximum poweéi- can usr%igxsimply the minimum

system model witl{M/ = 3) D2D users andN = 1) BS.

We consider three types of constraints on the D2D userst, Firs ) ) L max
each D2D link must be sufficiently reliable: we denote theimin Step 5 Declare the linkdr — dr infeasibleif P, > Py "
mum/target SINR at the receiver of any D2D link fpyin dB. Next, Remark: For the fixed power scheme, all D2D transmissions
since the locations of cellular users are unknown, we cendilo  occur at a powePp, the procedure for determining the feasible links

separate constraints — a minimum SNR constraint and a maximus simpler than the above. Steps 1 and 2 are not necessaiy, steg
interference constraint. The minimum SNR constraint, tehdy 5 we declare the link infeasible Bp > Pglaxl

~p, determines thexclusion zonaround the BS within which a D2D Using the above procedure, we can now form a directed
user is simply not allowed to transmit. The maximum inteéfere  graph G, (V, E) (in the fixed-power case(p,, (V, E)), with the
constraint, denoted by, represents the highest interference thatnodesV being the D2D users and the directed edd@ebeing the
the cellular user can tolerate from any D2D transmitter. @st  indicators of feasibility of the links. Our next task is totelenine

task is to determine which of th&/ (M — 1) directional D2D links  the optimal route between a D2D source-destination paiighwive
are feasible, we address this next. discuss below.

max max ;
of PdT,BS,i- SethT = MmMINI<i<N PdT,BSl-

3. FEASIBLE D2D LINKS 4. THROUGHPUT-OPTIMAL D2D ROUTING SCHEMES

As mentioned earlier, a link is said to Beasibleif reliable commu-
nication can take place on the link while also satisfying ast@int
on the interference to any cellular user regardless oféation. This
represents a conservative approach, which is necessaaysmethe
mobile/cellular users’ locations are assumed to be unknioathe
D2D users or BS. Thus, we mandate that only D2D links for which .

a) the SINR at the D2D receiver exceegand b)the D2D transmit- 4.1. Fixed Rate Scheme

ter is outside the exclusion zone of all B&sd c)the interference Here, D2D links that can achieve a fixed target rate are deemed
due to the D2D transmitter is below; at all locations where the be feasible. Since there is a one-to-one correspondeneedrethe

In this section, we consider a D2D usgy that wishes to send data
to another D2D usedip over the network of feasible links deter-
mined above. We consider the fixed rate scheme and the fixeerpow
scheme in the following two subsections.
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SINR at the D2D receiver and the rate achieved on the linkeker
ample, through the Shannon capacity formula), the proeegdte-
sented in the previous section for a given SINR threshpldan
be used to find the D2D network gragh, (V, E). The end-to-end
throughput is simply the rate achieved by any individuak tifvided
by the number of hops in the path. Hence, given the SINR totdsh
the optimal route is simply the shortest path in terms of tinaiver
of hops, which can be determined efficiently by the well-kndi-
jkstra’s algorithm. Note that, here, in order to limit thedrference
to the cellular users and to each other, we allow only one Dx@txd
be active at a time in the given frequency band and area akfstte
The net rateR o achieved betweetls anddp is thus given by:

log (1 +
Reft(7) = Nun%b(er ofwh)opsbloS per Hz.

Now, asy is increased, the numerator Ryf(y) increases, but
the denominator could also increase as the longer-range be-
come infeasible, thereby increasing the number of hopsatthréhe
destination. Whiley, and~, are generally specified by the cellular
system, the D2D SINR threshotd can be varied to maximize the
effective rate, by solving the optimization problem

“opt = arg max Reft(7)-

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 fixe
power levelPp. Again, the procedure described in the previous sec
tion can be used to obtain the directed gréphy, (V, E) of feasible
D2D links. In this scheme, each feasible link achieves aerbffit
rate, depending on the SINR at the corresponding receivencé|
the shortest path is not necessarily the throughput maikimizath
in this case. However, with a little work, it can be shown ttee

of each link increases and hence the throughpy betweends
anddp also increases. However, ass increased beyond the point
where one of the link& the current best patbhecomes infeasible,
the throughput drops, since the number of hops now has teaset
without any appreciable increase in the rate achieved on iealt-
vidual link. Further increase of increases the throughput till one
more link in the current best path becomes infeasible. Tthes,
problem of findingyopt that maximizes the throughput is equiva-
lent to identifying the peaks in a plot of the throughput wesrg and
determining the best among them. This can be solved as fllow

Step 1 Find the maximum power®;"®) at which the sourcés is
allowed to transmit. Find the SINRyj}?) atdp corresponding
to that power. This is the best SINR that can be achieved using
the direct link. The first peak occurs precisely at this SIKRl
this SINR-~; .

Step 2 Consider ad; and the pathls — d; — dp. Suppose
the maximum feasible transmit powersdyf andd; arePdsaX

and P"® respectively. Find the SINR achieved on the two
links (say,wj; and fy;lD). 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
72 = max (min(y3:,74”))
i#D,S s 1

A peak occurs here only #f2 is greater thar:. Due to this, we
can ignore all the links (and the paths involving those lrtkat
achieve an SINR less than, thereby simplifying the computa-
tional complexity of the above step. If there is no nadrich
thatmin(y ,v3”) > 71, we say thaty, does not exist.

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

)

3= max <min('yd" 'yd] 4D
i#D,8,j#D,S,i ds? Tdi> Td;

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 linided

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 timig-s|
as discussed in the previous subsection. Thus, we seek tthénd
path for which the scaled harmonic mean of the rates of tlkes fim
the path is maximum. This can be done by setting the inversieeof
rate achieved on each link as the link weight, and using thghted
Dijkstra’s algorithm to find the shortest weighted distape¢h. We
omit the details due to lack of space.

In the fixed power scheme, d%> increases, the rate achieved
by the individual links improves, but more of the D2D tranters
might be shut down due to the interference constraint. In, tilnis
could lead to a higher number of hops in the optimal path abthi
resulting in a lower end-to-end rate. Hence, the D2D trahpower
Pp can be optimized to maximize the throughpgs(Pp) in a
manner similar to the previous subsection, wh&g;(Pp) is the
throughput achieved by the optimal path returned by Diistal-
gorithm using the weighted cost minimization procedureemthe
power constraint i°p. We propose a solution to this problem of
finding the optimal operating poirfep in the next section.

5. OPTIMUM OPERATING POINTS

5.1. Fixed Rate Scheme

At v = —oo dB, all the D2D links are feasible, but the rate that
can be achieved on all the links is zero. Adncreases, the rate
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A peak exists here if3 is greater than the previous(i.e., vz,
or v if 2 does not exist). Again, all the paths involving a link
that achieves a lower SINR than the previgusan be ignored,
to reduce the computational complexity.

Step 4 Repeat the above step with increasing number of hops; a
point «; is found such that when > ~¢, ds anddp are no
longer connected in the graggh, (V, E). The existence of is
guaranteed by the fact that the number of edges.j(V, E) is
a monotonically non-increasing function-gfand goes t® as~y
goes toso.

Step 5 SeWopt = arg maxi<;<M,; exissReff(7i)

5.2. Fixed Power Scheme

As before, atPp —oo dB, all links are feasible, and each link
achieves zero rate. Following the same arguments in theguev
subsection, the plot of the throughpBik(Pp) versusPp also ex-
hibits multiple peaks; and the task at hand is to determieeb#st
among them. The relationship between the rates on varioksdind
Reggf (the scaled harmonic mean) is not as simple as in the previous
case, but the following procedure identifies all the pointere the
peaks occur.

At sufficiently low transmit power, all the D2D links are félale.
As Pp is increasedRg¢(Pp ) increases until one of the D2D trans-
mitters becomes infeasible. This happens wien > P (as
defined in Section 3) for one of the D2D nodégs. 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 ratecw-
nication at an SINR threshold ef = —1 dB; the dashed magenta
line shows the optimal route from Node 3 to Node 7.

ig. 3. Fixed rate scheme: lllustration of the numerical search ap
proach and the analytical approach for finding the maximulnieze
able throughput.
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connectingds anddp at that value ofPp involves that D2D user,
Rgg drops, as an alternate path with lowRBg¢ has to be used.
The throughput continues to increaseRs is further increased till
one more D2D transmitter becomes infeasible. Eventudiligrge
enoughPp, the source and the destination become disconnected,

and the search ends. Thuggpt is given by
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Note that there are at ma3f values ofPp for which the throughput 021
needs to be evaluated, to find the optimum solution.

6. SIMULATION RESULTS % w0 10 15

-5 0
Transmit Power (dB)

We consider a square area of siieunits containingV = 2 BSs

andM = 10 D2D users. Figure 2 shows one such random topologyrig. 4. Fixed power scheme: Illustration of the numerical search a
of nodes and BSs. We consider D2D usgend7 as the source and analytical approaches.

destination node, respectively. We assume a path loss erpofd

and a reference distance biunit for computing the path loss. We

set the minimum SNR constraint as = 3 dB and the interference | ¢B s optimal. This illustrates the utility of the procedutevel-
threshold asys = 1 dB. ) oped in this paper for finding the optimal throughput. Furthiee

~ We vary the SINR threshold and the D2D transmit powe’p  optimum throughput is many orders of magnitude superioheo t
in the fixed-rate and fixed-power cases, respectively, Wigtgbal of  maximum throughput achievable with single-hop commuiteat
determining the optimum end-to-end throughput. Givefor Pp), A similar plot for the fixed power scheme, with, on the x-
we first determine the set of f_easible Iinks_and the connie;c_maph axis, is shown in Figure 4. Again, we see that by employing the
G~(V, E) (or Gpy, (V; E)) using the algorithm presented in Sec. 3. gnalytical approach presented in Section 5.2, we are ablertectly
Next, we determine the values gfpt and ngt in two ways: by a identify the optimal operating point.

discrete numerical search with a step sizeé)éf dB, and by using To conclude, in this paper, we investigated the problem af-fin
the procedure described in Sec. 5 to evaluate the throudgbpat ing the optimum multi-hop route that maximizes the throughpe-
mostM = 10 values ofy (or Pp). tween a given pair of D2D users. We considered two schemes for

For the fixed rate scheme, the results of the numerical seardb2D communication, a fixed rate scheme, and a fixed power sshem
and the algorithm presented in Section 5.1 are comparedgn Fi and developed algorithms to find the optimum operating pdinit
ure 3. We note that the algorithm correctly finds the pointengh both the schemes. The performance of the algorithms wasrgied
the peaks occur. The best throughput is achievegygt ~ —1 dB; through computer simulations, by comparing it with thataifed
the corresponding three-hop path is also shown in Figure @&reM by exhaustive search. Future work could involve accourftindad-
importantly, the discrete search misses the optimal thipugpoint  ing to provide probabilistic guarantees for protectiontaf tellular
(which is aroundy = —1 dB), and incorrectly suggests that= users, while maximizing the throughput of the D2D users.
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