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Abstract—In this paper, we investigate offloading of UEs in
D2D mode for a massive MIMO system, where the base station
(BS) is equipped with a large, but finite number of antennas
and the total number of UEs is kept fixed. We derive closed-
form expressions for the bounds of the overall capacity of the
system. Qur results reveal that there exists an optimal user offload
fraction, which maximizes the overall capacity. This fraction
is strongly coupled with the network parameters such as the
number of antennas at the BS, D2D link distance and the
transmit SNR at both the UE and the BS. Given a set of network
parameters, careful tuning of the offload fraction can provide up
to 5x capacity gains.

I. INTRODUCTION

The last decade has witnessed a tremendous growth in the
demand for wireless data services. According to a recent report
by Cisco, the global IP traffic is projected to further increase
over three-fold in the next five years with mobile and wireless
devices accounting for nearly 70% of this traffic [1]. As a
consequence, the current research on 5G networks is focusing
on the transformation of existing cellular infrastructure to cater
for a bulk of simultaneously active devices requesting high
data rates. The three ways to achieve this goal are i) increasing
the resource pool, ii) network densification, and iii) improving
spectral utilization [2]. In this paper, we focus on the ways to
improve spectral utilization in cellular networks. We explore
the coexistence of the two key emerging techniques used
in this domain called Massive MIMO and device-to-device
(D2D) communication.

In case of massive MIMO, a large antenna array is deployed
at the base station (BS). The data streams are spatially
multiplexed and multiple user equipments (UEs) are served
simultaneously at the same time/frequency resource [3]. The
distinct feature of massive MIMO is that the number of
antennas is much larger than the UEs and this allows for
significant improvements in link reliability and data rates
due to increased spatial directivity. The additional degrees of
freedom alleviate the need for sophisticated signal processing
techniques and simple linear processing achieves near-optimal
performance [4]. Furthermore, low-cost individual antennas
can be deployed as the power radiated by an individual antenna
can be reduced without compromising the performance.

Device-to-device (D2D) communication is a promising
technique to further enhance the spectral efficiency (SE)
(measured in bps/Hz/cell) of cellular networks. It enables
direct communication between UEs in close proximity without

the intervention of the BS [5]. The short range of D2D
communication improves coverage and hence the data rate.
It also reduces the burden of access on the BS and the core
network. In case of network-assisted D2D communication, the
BS handles the device discovery and resource management of
D2D UEs. The two main design problems governing network-
assisted D2D communication are resource allocation and mode
selection [6].

Even though D2D been studied extensively in the context of
cellular networks with BSs equipped with a single antenna, the
analysis of D2D with massive MIMO is still in its infancy. In
[7] and [8], the authors analyze an isolated cell with a single
cellular UE and D2D pair and investigate how the excess
antennas at BS can eliminate the interference at the D2D
receiver. The sum capacity of an isolated cell with a fixed
number of cellular UEs and a random number of D2D pairs
has been studied in [9] for the case of cellular uplink (UL).
Expressions for signal-to-interference-and-noise ratio (SINR)
are derived for both the cellular and D2D cases for fixed
spatial locations of UEs and the randomness is accounted for
in simulations. The corresponding downlink (DL) analysis is
conducted in [10] and the density of D2D pairs maximizing
the sum capacity is explored.

The research on massive MIMO with D2D thus far does not
consider dynamic mode selection for the UEs. It is only in [11]
that the authors consider mode switching for a UE (between
cellular and D2D) in cellular UL for a simple network setting
with a single D2D pair. The optimality region for D2D mode
satisfying the link SE requirements is defined around the D2D
transmitter. The obtained results, however, cannot be directly
translated to DL and scaled for multiple D2D pairs case as
the location of interfering UEs is assumed to be fixed. The
interference from the active D2D pairs is highly dependent
on their distance from the UE under consideration and will
significantly impact the findings. Also, the link SE metric does
not cater for the rate experienced by all UEs.

Motivated by this, we study the offloading problem for a
single cell scenario in DL, where a fixed number of UEs N
is distributed uniformly around the BS. We focus on D2D in
DL time slot as it is more suited for massive MIMO scenario.
This is because the BS can make use of the excess degrees
of freedom to interference at the D2D receivers, whereas this
is not possible in the UL with single antenna UEs [7], [8],
[12], [13]. While D2D communication between UEs in close



proximity can provide high data rates, the transmit power of
BS is much higher than a UE and it is not clear under what
circumstances offloading is a better choice. There must exist
a trade off between the offloaded UEs and the overall SE. The
incentive of this work is to answer the following question:
Given a certain number of UEs inside a cell, what is the
optimal offload fraction which maximizes the sum capacity
in a massive MIMO system?. Our main contribution is to
explore this trade off and derive closed-form expressions for
the approximation of the unconditional overall capacity.

The rest of the paper is organized as follows. Section
II, provides the system model and preliminary analysis to
compute the received SINR at the UE. Section III is the main
technical section of the paper, which presents the derivation
of the SE of a UE in both cellular and D2D modes. Section
IV validates our analysis with numerical results. Section V
concludes the paper.

II. SYSTEM MODEL

We consider a TDD DL transmission scenario where the BS
is equipped with M antennas and N < M single antenna UEs
are distributed uniformly in an annular region of inner radius
R,,i»n, and outer radius R,,,, centered at the BS as shown in
Fig. 1. K out of N UEs are served directly by the BS, while
the remaining N — K UEs are offloaded to D2D mode. Each
of the N — K D2D receiving UEs is associated to a unique
D2D transmitter UE located randomly at the perimeter of a
disk of radius 7494 centered at the UEs. These transmitters
can be thought of as UEs which are not receiving data in the
current time slot and can establish D2D connections with their
neighboring UEs to share previously downloaded files [14].

Without loss of generality, the set of all N UE locations
can be written as U = {x1,..,Xx,XK+1,..,XN . Assuming
that the BS is located at the origin, the distance between the
kth UE and the BS ryo = ||xg]|| is distributed as
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rqoq We adopt a simple power-law path loss model where
the signal power attenuates according to r~*m m = {¢,d},
where r is the distance separation and «,, denotes the path
loss exponent in mode m. The BS-UE and UE-links suffer
from small scale Rayleigh fading. This implies that the channel
gain is independent and identically distributed (i.i.d) complex
Gaussian variable with zero mean and unit variance. We
further assume that the D2D pairs share the same resources
as the cellular UEs and hence, both the BS-UE and UE-
UE links interfere with each other. The BS is considered to
have full channel state information (CSI) of the UEs and it
employs zero-forcing beamforming (ZFBF) precoding. As a
result, there is no signal leakage within the cellular UEs. The
BS transmits a total power p,, which is equally distributed
for cellular UEs and the D2D UEs transmit a fixed power pg,
where pg < pp. The preliminary analysis for the SINR at the
UEs in cellular and D2D modes is presented as follows.

Figure 1: System Model.

A. Cellular Mode

The signal received at the kth cellular UE under ZFBF can
be written as
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is a vector of M channel gains,
is the zero mean additive white Gaussian noise (AWGN)
with variance O’BS, the complex scalar signal is such that
{Hsks 7B } = 1 and w, € CM*! is the precoding
vector. To satisfy the maximum BS power constralnt whs =
g /||e57||> is normalized such that |wi||> = 1. The un-
normalized precoding vector g BS for ZFBF is given as
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{gBS VE .,g%)g*UE }. The second term in (2) denotes the

interference signal from all the (N — K) active D2D transmit-
ters to the kth cellular UE, where 7y, = ||xx — x;|| is the dis-
tance between the kth UE and the /th D2D transmitter and s_ ¥
is the information symbol transmitted by the Ith D2D trans-
mitter. The average SE for the kth UE in cellular mode can
be written as SEP"UF = E[log, (1 + SINR}*"VF)],
where
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where v, = Pv/o% is the transmit signal-to-noise ratio (SNR).
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B. D2D Mode

The signal received at the jth UE z; in D2D mode from
its corresponding dth D2D transmitter can be written as
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where, oYF is the zero mean additive white
Gaussian noise (AWGN) with variance 02U o
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the interference signal received by the jth UE in
D2D mode from other active D2D transmitters and
BS—-UE
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is the interference from the BS. The average SE for
the jth UE in D2D mode can then be written as

SE]UE_UE =E [log, (1 + SINR?E_UE)] , Where
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where 4 = Pa/o? ; is the transmit signal-to-noise ratio (SNR).

III. SPECTRAL EFFICIENCY ANALYSIS

This is the main technical section of the paper. The goal
of this work is to evaluate the optimal fraction of UEs
to be offloaded in D2D mode. We define our performance
determining metric as follows.

Definition 1. Given a fixed number of UEs N, the maximum
attainable overall capacity is given by the following optimiza-
tion problem

K N
Cior = maxg E SEZSUE 4 E SEJUE*UE
k=1 j=K+1

where p* = (N-K")/N is the optimal offload fraction.

In the following subsections, we present our analysis per-
taining to the cellular and D2D SEs.
A. Cellular Mode

The following Lemma provides the SE of a UE in cellular
mode conditioned on UE locations.

Lemma 1. Conditioned on the location of the UEs, the
average SE of a UE in cellular mode can be approximated
as
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Proof: Since log (1+ 271) is convex in x, we employ
Jensen’s inequality to obtain

SE;?S_UEV]‘(), Tl ~ 10g2 1+
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The desired power in (4) is a chi-squared random vari-
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is because the isotropic M dimensional vector is pro-
jected onto M — K + 1 dimensional beamforming space
[12]. The average channel power is then calculated as
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ference power from each D2D2 UE is a unit mean exponential
random variable. thk]lE*UE H ~ exp(1). Exploiting the in-
dependence of these random variables and plugging in the
expected power values in (9), we obtain (8). |
We de-condition SEPSUP|rq 7 in (8) with respect to
distances in the following Lemma and Proposition.
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Lemma 2. The average SE of an arbitrary UE in cellular
mode conditioned on the location of interfering D2D UEs can
be approximated in closed-form for a. = ag = 4 as (5) where

M-K N-K —
B () = wrismyrr and ¥ =320 it

Proof: The proof follows by averaging (8) over 7y which
is distributed according to (1). |

Proposition 1. The bounds on the unconditional average
SE of a UE in cellular mode SEELLQEUE < SEES—UE <

SE,? 5§UE can be written in closed-form as

SEBS-UE _ gpBS-UE|. (gUB)

WUB (10)

where BYP = B (WIB) with pUB = (N — K)E[ry]~*

and B [riy] = L2 R, for the upper bound and
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Parameter Value

BS antennas M, Total users N 200, 100

BS coverage radius (Outer Rynqq, Inner 200 m, 2m

UE deployment scheme Uniform
random

D2D range 7424 12 m

Path loss exponents: o, Qg 4,4

Ratio of cellular and D2D SNR (vb/+4)qg | 30 dB

Table I: List of simulation parameters.
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pg =+ 4R%,. —1) (%) for the lower bound.
Proof: Since the terms in (®)] are
of the form log (1 +(A+Bryt) 71) and

(A+B rk_l‘l) 2 tan—1 ((A + B 7'1:14) 1/2>. The functions are

both concave in r; and convex in r,;f for A, B > 0. We make
use of Jensen’s inequality to shift the expectation operator
inside these functions. The D2D UEs are i.i.d distributed and
their respective transmitters are uniformly located at a fixed
distance rg4o4. For tractability, we assume that R,,;, = 0.
This does not impact the result as R,,q. > Runin. The
effective distance between the kth UE and Ith transmitting
D2D UE is then distributed according to [15]
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where E[ry] = 2 Ryqee. It is slightly tricky to obtain
E [r;;']. Since f.,,(0) = 2/R2,,, > 0, it implies that the
expectation E [rk_f] is unbounded even when the cell size is
large. To tackle this issue and avoid singularity, we introduce
a minimum separation distance of 1m. Therefore, we have

x ) ( x
R/n’la.'L' 2R7",(l.t
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E [7’;:.14|7“kl > l] = & fr, (@|rKg > 1) da
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where fr,(z|rg > 1) = fra@/u,, 1 < 2 < 2R, and
ttg = P [rg; > 1]. This completes the proof. [ |

B. D2D Mode
The SE of a UE in D2D mode conditioned on UE locations
is given by the following Lemma.

Lemma 3. Conditioned on the location of the UEs, the
average SE of a UE in D2D mode can be approximated as

UE-UE ~
SEj ’I’j(),?“jl ~

VT g2d”
log, | 14 O Za— — )
< Lbvadiza T e
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Proof: We follow a different approach compared to the
proof of Lemma 1. Sin2CC the desired power is exponentially
distributed ’h?f “UE\ o exp(1l), the expected value of its
inverse does not exist. We therefore exploit the concavity
of log(l + z) to obtain log, (1+E [SINR®~VF]).
We can write E [SINRJ®~VF] =
fooo e *E [exp (—s. L;Z5"VE) | E [exp (—s.L;VE"VE)] dz,

H
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For the D2D interference power HIJ we have

2
Uh%E_UEH ~ exp(l). To ensure tractability, we invoke
ensen’s inequality once again to draw the expectation inside
the exponential to obtain (12). |

Similar to the analysis for cellular mode, we derive the
expressions for unconditional SE of a UE in D2D mode as
follows.

Lemma 4. The average SE of an arbitrary UE in D2D mode
conditioned on the location of interfering D2D UEs can be
approximated in closed-form for a. = ag = 4 as (6) where

N-K _
ﬁjll (7/)) = le2 (7/1) =1+ and ¢y = Zl;ﬁd le4~
Proof: The proof follows by averaging (12) over r;,.
Proposition 2. The bounds on the unconditional average SE of

a UE in D2D mode SEJUEB_UE < SE]UE_UE < SEgg_UE
can be written in closed-form as

SEj (""" = SEJ T UF ey (877, 577) . (13)
where  BYB = Bin (WYB)  with B _
(N—K—-1)E[ru)" and BY2 = B (W5P) with

LB = (N — K —1)E [ry;*] for the upper bound and

SEVEZUP = SEVE=UE |1y, (855 Y)Y, (14)

for the lower bound.

Proof: The proof is similar to that of Prop. 1 with
the exception that there is a negative sign inside the
second term of (6). It can be easily shown that for

—1/2 1/2
f4) = (A—|— B rﬁ4) tan~! ((A+ Br;ﬁ) > , we
have f (A1) < f (Asg) for Ay > Ay or Ay — Ay = 7471y > 0.
Therefore, if we re-write SEJUE —UE |rjl =T, + 15, then Ty
exhibits the opposite behavior of 77. It is concave in rj_l4 and
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Figure 2: Effect of the offload fraction on the SE of an arbitrary
UE in cellular mode.
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Figure 3: Effect of the offload fraction on SE of an arbitrary
UE in D2D mode.

convex in 7;;. The coefficient (N — K — 1) in 77 and )9
denotes the number of interfering D2D pairs, excluding the
one on which the performance is being measured. ]

IV. RESULTS AND DISCUSSION

We now present the numerical results to study how the
offloading mechanism is linked with the overall capacity.
As a first step, we validate our analysis in (8) and (12)
with the help of Monte Carlo simulations in Figs. 2 and
3 respectively. The simulation parameters are listed in table
I unless stated otherwise. The simulations are repeated for
10* network realizations for each offload fraction. In each
realization, the SE is measured at an arbitrary UE operating in
cellular or D2D mode. The SE obtained from (8) and (12) and
the simulations is averaged over all the realizations and hence,
the effect of link distances is also averaged out. We plot the
average SE per UE against the UE percentage offload fraction
p = (N—K)/N. We see that the analysis for both SEZ V¥

and SEJUE ~UE is in good agreement with the simulations for
various transmit SNR values 7, and 74'. We also plot the SE
for the case when there is no noise, i.e. v2°, vY¥ = 0 or
alternatively 74,75 — oo. In that case, the analysis in (8) and

(12) reduces to
’Yb/')’d (M — K) T];Oac

lim SE,?SiUEVjO, rj ~log, | 1+ g
K> ol

Vb Yd >0

and

: UE-UE ~
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+ — Tazd" )
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We observe that for low transmit SNR values 7, and -y,
SEgS ~UF increases monotonically, while there is a drop in
SE]. E=UF with the increase in u. We refer to this as the low-
SNR (LS) regime. The rise in SE,?S ~UE With the increase
in p is because as more UEs are offloaded to D2D mode, the
number of the cellular UEs inside the cell K decreases and the
power allocated to each cellular UE by the BS increases. The
fall in SEVF-UFE , on the other hand, is due to the increasing
interference from D2D UEs. And this gap becomes more
pronounced for higher values of 7, . A different behavior
is observed for SE,? S=UE in the high SNR (HS) regime
which closely resembles the case when ~4,7, — o0, i.e.
the system is interference-limited. The SE,f S-UE jg initially
quite high when no UEs are offloaded. At offload percentage
of 1%, the BS power is being distributed over N — 1 UEs.
Because of negligible D2D interference, a smaller allocated
power is still sufficient to counter the BS — UFE link path
loss in HS scheme. As more UEs are offloaded, the allocated
power for cellular UE increases, but SEIQB S=UE (decreases
steadily. This is because the increase in the BS power per UE
is unable to cope with the increase in the D2D interference.
After a certain fraction of UEs has been offloaded (1 ~ 50%),
SE,? S-UE begins to rise again. This rise is now dominated
by the increase in the allocated power per cellular UE. The
value of SE,fS_UE at ;1 = 100% is lower compared to that at
1 = 1% because of the adverse effects of the aggregate D2D
interference power. In the rest of this paper, we will focus
on the LS regime as HS regime is more suited for multi-cell
environment, where inter-cell interference also plays a critical
role. An interesting observation from Figs. 2 and 3 is that
while SEPS-UF monotonically increases in the LS regime
and SEJU —UE monotonically increases, there must exist an
optimal offload fraction p = p* which maximizes Cl,;.

After validation of our analysis, we study the accuracy of
the bounds derived in Prop. 1 and 2. Fig. 4 shows that the

IThe variation in transmit SNRs v, = pp/0% ¢ and vg = pg/of ; is
governed by several parameters including the BS and UE transmit powers pj
and pg, the noise spectral density, BS and UE noise figures, carrier frequency,
available transmission bandwidth, reference path loss, etc. In this paper, we
implicitly treat the effect of these parameters by varying ~y, and 4 directly
to assess the performance of our setup. To ensure a fair comparison, a fixed,
positive ratio 7/~4 is maintained.
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Figure 4: Bounds on SE,?S*UE and SE;JE*UE from Prop. 1 and 2.

bounds closely match SE,?S_UE and SEJUE_UE from (8)
and (12) respectively. The bounds are fairly tight especially
for low values of v; and 4. For high values of ~; and ~g4, the
bounds on SE]UE ~UE begin to deviate significantly while the
bounds on SE,JCB S=UE gtill remain tight. The upper bound is
tighter compared to the lower bound for both SEJUE ~“UE and
SE,’CB S=UE_For the rest of the discussion, we use the upper
bounds SE]%,E; YE and SE}E;?BUE to analyze the overall
capacity Cio.

We study the behavior of C,; with respect to p in Figs. 5-7.
We also explore the impact of key design parameters on the
optimal offload fraction 4 = p*and the corresponding Cl.
These parameters include, the number of antennas M at the
BS, D2D link distance 7424 and the transmit SNRs ~, and
~4. From (5), we see that the SE of cellular UE SE,f S-UE
increases with the increase in M, while the SE of D2D UE
SEJUE_UE in (6) does not depend on M. As M increases,
more and more UEs can be offlaoded to D2D mode as seen
from Fig. 5. When M = N = 100, it is better to offload
75% UEs in D2D mode while only 6% UEs should to be
offloaded when M = 400. Another important observation is
that the selection of y is crucial for smaller A/. We can see
that when M = N = 100, C;,; = 2bps/Hz for p = 3%,
whereas Cy, = 10bps/Hz for p = 75% giving 5 times better
performance.

Fig. 6 shows the effect of D2D link length 7424 on Cy,; and
w*. The increase in 7424 aggravates D2D link path loss and
degrades SEJUE —“UE while SE,? S-UE §g independent of 7 424.
We see that a high overall capacity Cy,; can be achieved with
smaller values of r; o4 and it is better to offload UEs in D2D
mode if their respective D2D transmitter is located close by.
We further notice that even a slight increase of a few meters
in rgoq significantly reduces gains in Cj,; from offloading,
thereby causing ©* to drop. As a consequence, the BS has to
carefully evaluate the offloading strategy based on the D2D
link distances before scheduling UEs for transmission.

We also study the effect of 7, and v, in Fig. 7. We observe
from (5) and (6) that as 7, increases while 7/, is fixed, both
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Figure 5: Effect of the number of antennas on Cy,; and K*:
¥, = 60dB.

SE]?S_UE and SEPS~UF increase causing C},; to increase.
The increase in SE J S-UE , however, is more that the increase
in SE,i3 S=UE 45 evident from Figs. 3 and 4. This implies that
with increasing SNR, more UEs should be offloaded to D2D
mode to maximize C},;. We see that for a 10dB rise in -y, and
Y4, up to 30% more UEs can be offloaded to maximize Cly;.

V. CONCLUSION

In this paper we studied the performance gains achieved
by network-assisted D2D communication in massive MIMO
system, where a BS offloads a certain number of UEs in D2D
mode to maximize the overall capacity. We derived closed-
form expressions for spectral efficiency of an arbitrary UE in
the cell in both D2D and cellular modes. Our results reveal
that with careful selection of the offload fraction, given a set
of network parameters, the overall capacity can be improved
up to 5x.
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