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ABSTRACT

This work presents a tractable approach to enabling D2D uplink underlay in cellular networks in
order to improve the spatial frequency reuse and to enhance the performance of cellular networks.
In general, the cellular-to-D2D interference needs to be restricted to maintain a target performance
level of the networks. In this respect, we propose an optimally quantized transmission power control
and interpolation schemes for cellular users to limit the interference from them on D2D users. On
the other hand, for the interference induced from D2D transmissions on the base station's receiver a
concentric cell structure in conjunction with an orthogonal resource assignment scheme is
developed. The proposed schemes exploit the assistance of a localization system developed to
estimate the D2D and cellular user's spatial separations. Simulation results show that the proposed
schemes can bring less interference and, at the same time, can easily be implemented in real cellular
networks without the need of further standardization work.

Keywords: D2D integration, optimal quantized power assignment, resource allocation,
concentric cell structure, Linear programming.

1. Introduction

Device-to-device (D2D) communications in cellular spectrum supported by cellular
infrastructure has the potential of increasing spectrum and energy efficiencies. This is
made possible by taking advantage of the so called proximity and reuse gains [1] - [5].
Integrating D2D in LTE-Advanced network is a research topic that attracts many industrial
interests and is being rapidly developed in the 3GPP LTE standardization (3GPP) to
facilitate proximity aware internetworking services [6]. Services and applications based on
D2D communications include, as a motivating example, national security, and public
safety applications [7] and machine type communications [8].

The main idea in D2D-enabled cellular networks is to permit transmitter-receiver pairs
coexisting in close proximity to establish direct connections between each other. That is, if
a transmitter has its designated receiver within a "proximity" range, the transmitter is
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allowed to bypass the base station (BS) and communicate in a D2D direct mode.
Therefore, D2D communication enables short-range, low-power links to coexist with the
cellular links and thereby improves the spatial reuse of the available spectrum, decrease the
(transmission) power consumption in the user equipments (UESs) and improves the total
network throughput by offloading some of base station's traffic [9]-[12].

In order to realize D2D communication, a number of important procedures need to take
place [6]. This includes, i) Mode Selection (MS): for a D2D candidate pair consisting of a
D2D transmitter and receiver that are in proximity. The MS algorithm needs to decide on
one of 3-possible communication modes: cellular mode, D2D direct mode with dedicated
resources or D2D mode with reused resources. This latter case involves, ii) Resource
Allocation (RA): in order to decide on which D2D pair(s) is sharing resources with which
cellular UE [7]. In LTE, the basic resource unit of the OFDM (orthogonal frequency division
multiplexing) system consists of 12 continuous subcarriers for a duration of 1 ms (one slot),
is termed a Resource Block (RB) which is the smallest unit of resource that can be allocated
to one UE. A D2D enabled UE can reuse some of the OFDM time-frequency physical RBs.

D2D communications utilizing cellular spectrum poses new challenges, because the
network needs to cope with new interference situations. For example, in an OFDM system,
due to the reuse, intra cell orthogonality could be lost and, hence, interference can become
severe due to the random positions of the D2D transmitters (receivers) and of the cellular
UEs communicating with their serving BS [8], [10]. Apart from mode selection and
resource allocation, iii) Power Control (PC) is a key technique which can deal with intra-
and intercell interferences [11] - [14]. As the previous procedures in D2D communications,
iv) D2D Discovery is another key step to determine which user(s) is a potential D2D UE
based on both the D2D link distance, r;, and the cellular link distance, 7. (depicted in
Fig.(1) below). Before D2D communications between any two UEs can happen, the
network must estimate the spatial separations of the potential D2D users as well as that of
the cellular user's. While the positions of the D2D candidates and the cellular users can be
obtained from GPS (Global Position System) or A-GPS (Assisted GPS). This approach
does not suite the LTE D2D because GPS signals have poor penetration through walls. For
the purpose of this paper, a simple, inexpensive scheme to estimate the spatial separations
between UEs based on acquired received signal strength (RSS) indications is presented.

The paper is organized as follows. In Section 2, a D2D and cellular user's coordinate
estimation system is presented. This is followed by a detailed optimum power assignment
and interpolation scheme in section 3. Section 4 is devoted to describing a spatial resource
allocation system based on concentric cell structure. Section 5 focuses on the outage
probability as our metric chosen for network performance evaluation. Simulation and
validation results are presented in section 6. Section 7 summarizes the research work
carried out in this paper and conclusions are drawn.
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Fig. 1. D2D enabled cellular network [20].
2. D2d spatial coordinate estimation

In this section, a simple, practical approach for UE's spatial separation estimation in a
typical cellular network scenario is proposed. The aim is to enable efficient power and
resource assignments between proximate D2D users. Consider the "'coverage extension"
scenario wherein a UE can obtain access to the LTE cellular network through assistance of
a multi-hop relay [15], [17]. In this paper, we propose to extend the network coverage
extension function of the multi-hop relay to include participating in the coordinate
estimation of UEs at low cost and complexity. Assume that a relay is being placed at the
border of a cell with known, fixed (X, Y) coordinates (i.e., the beacon Tx on the right of
Fig. (1)). Assume, also, that the relay is reliably, continuously transmitting a beacon signal
marking its ID and its (fixed) coordinates. Hence, the mean signal strength (RSS) received
at a given UE is given by, [18],

- d:.
Py (dBy) = Ty (dBy) = 101, logyo | /. ®

Where, Pij (dB,,) is the mean received power (in dB,,) at UE j, transmitted by the
relay device i, Il is the received power at a reference distance A, (typically = 1m), is
calculated from free space formula [16], n,, is the path loss exponent (2 : 6) and d; is the
transmission path-length (range) between the UE and the relay device. From Equ., (1), the
communication range d;; is given by,

Mo (dBm) = Pjj (dBm)

dij = Ao 10 10np @)

Now, consider a two-dimension rectangular area with length X, and width Y,. In this
area, the BS is located at the origin, (X=0, Y=0), while the multi-hop relay is at position
(X=X, Y=0 (Fig. (1)). For any UE i, in the area with coordinates (X (i), Y (i)), the
following equations hold [18],

X2(i) + Y2(i) = d(i) @)
(X(D) — Xa) 2 + Y2(i) = d3(i) (4)
0< X(i) <X,

0< Y() <Y,
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Where, d; (i) is the distance between UE i and the BS and d, (i) is that between UE i
and the relay device. Solving Equs. (3), (4) gives the UE's coordinates,

1 1 2
X(p) = do-gorxd (5)

Y (i) =vdi(® —X2(0) (6)
As can be seen, using Eqgs., (2)-(6), each UE can compute and, hence, update its (X, Y)
coordinate to the BS. That is, a given UE measures the RSS of the BS's transmission and
that of the beacon signal sent by the relay device, then, it can determine its (X, Y)
coordinate and report back its coordinate to the BS. Consider, for instance, the Mode
Selection scheme wherein the BS needs to decide on one of possible communication
modes (cellular or D2D) for the 3-UEs, a, b, ¢, shown in Fig., (1) above. The BS can
calculate the distance between UEs, a and b as follows,

dgp= V(X —Xa)2 + (=Yg )2, (7)
And, that between the a-b pair and UE c, as follows,
dane=| (Ko = 2eEyz 4 (v, —Yetloye ©®)

Given the above spatial separations and based on the state of the cellular links at the
BS, it can select the proper communication mode (explained later). An example on spatial
separation between UEs estimation is depicted in Fig., (2) below.
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Fig. 2. UE's coordinates estimation in a concentric cell.
3. Even-odd spatial resource allocation

With the aid of the UE's localization scheme presented in section 2, we propose a
spatial, orthogonal resource reuse scheme which can guarantee an average SINR level for
both the cellular and the D2D underlay.
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Without loss of generality, assume uniform user distribution over all the cell area, and
that the whole cell area is divided into non overlapping (soft) concentric subareas as
depicted in Fig. 2. Now, let each subarea be assigned a set of resource blocks (RBs)
enough to maintain a target level of performance in the cellular network. At the same time,
each subarea is divided into two spatially disjoint zones: a-zones (upper half of the cell)
and b-zones (lower half of the cell) as depicted in Fig., (3) below. In order to distinguish
different a, b zones, we use the (N, a) convention to signify the a-zone of subarea N. Now,
let each RB set be divided into disjoined odd-subset used in the a-zones and even-subset
used in the b-zones. Therefore, the same odd-subset of RBs in a given subarea k: (k, a),
(e.g., zone ¢ in Fig., (3)) can be reused in zone (N-k+1, b), (e.g., zone d). This arrangement
provides sufficient spatial separations between simultaneous cellular and D2D
transmissions. This, in turn, should guarantee a minimum interference levels induced at the
D2D and at the cellular receivers. An example on a concentric cell with equal subareas and
its associated RB sets/subsets assignment are shown in Fig., (3) and its geometry are
summarized in Table (1) for equal subareas as a special case.

RByo,= {RBy1,RBys, RBygs,..}

RBy, = {RBy2, RBy,, RByg,..}

Fig. 3. N-concentric cell with equal subareas.

Table 1.
Radii of equal subareas
R,
cell radius Ry R, Rs Ry Rs
500 m ~ 456 m ~ 408 m ~ 353 m ~ 288 m ~ 204 m

As can be seen, odd-RB subset is allocated to zone a of subarea k, (k, a): RBy, =
{RBk,l' RBy3, RBgs, ... }While even-RBs subset is allocated to zone b, of same subarea
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(k, b): RByp = { RBy2, RBy4, RByg, ... }. At the same time, odd RBs of zones (k, a), k=
1,2... N, can be reused in zones (N-k+1, b). This subset/zone layout and its associated RB
assignments are assumed to be kept fixed and do not change over time. Moreover, we
assume that the RB assignment-data are stored in the memory of the BS. At this point, it is
not difficult to realize the following:

1) By exploiting the coordinate estimation scheme presented in Section 2, the BS can
select the potential D2D users and the corresponding RB(s) to be reused such that a
given SINR performance threshold, o, is guaranteed.

2) Extending the above subarea/zone layout and its associated RB set/subset
assignments into sectored cell cases is straightforward.

3) Once again, the resource allocation technique being proposed can be employed in
any existing cellular system without the need of a new standardization work.

Finally, this set/subset assignment scheme has shown a promising performance when
compared with the state-of-the-art (conventional non-concentric) assignment algorithms as
will be seen in subsequent section.

4. Spatially quantized optimum transmission power assignment

In this section, we propose an optimum transmission power control system employing,
i) discrete optimum transmission power assignment to set the UE's transmission power
so that (based on the spatial separations between the UES) a given power level is used
enough to compensate for the channel path loss as well as for the estimated interference
and noise power, ii) power interpolation scheme that extends the discrete power
assignments so that it covers all the cell area.

4.1.0ptimum discrete transmission power assignment

In this framework, the proposed power control system is based on finite set of optimal
transmission power levels. Specifically, As mentioned earlier, assume a cell consisting of
N concentric [18], whose radii are, Ry, R1, R, . . . ,Ry_1 With decreasing lengths with R,
being the cell radius as depicted in Fig., (3). Here, the area of each subarea is identified by
selecting two adjacent radius values, say, R; and R; 4, for the ith subarea. Let us assume
that, at the boarder of each subarea k, UEs use transmission power level, P¥, k=1,2, . ..
N. This assumption is relaxed in the subsequent. We consider path-loss attenuation and the
effect of exponentially distributed Rayleigh fading, h¥, from the serving station i. In
particular, if the transmitted power in the border of subarea k is P¥ and the path-loss
exponent is o > 2, then the received power, P} at a receiver i is given by [7],

Pi= PF hf di f, (10)
and the SINR (signal to interference and noise) experienced at the intended ( cellular or
D2D) receiver is given by,

P h dif

2 N j 1) q-a
0% +¥n=1 Dy =k P b dj;

SINR =

= ¢ (11)

Where, n signifies the concentric subarea, 1, 2... N, dj;i>1 is the distance between
transmitter j and receiver i and ¢ designates (equal) minimum SINR requirement either

for D2D or cellular users. Here, Zﬂzl Zv]-;tk P% hli djji“ , J=1, 2. . ., represents the overall
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interference power at a given receiver i, o2 is the mean noise power. In the following, we
use simple example to derive a system of equations such that an optimal (boarder)
transmission-power assignment is formulated as a linear programming problem. Consider
the cell which is being partitioned into N subareas with a single UE located at the border of
each subarea (Fig., (3)). Assuming unit mean channel fading, the SINR experienced at the
associated receiver(s) satisfies the following Equation(s),

PF dif - @ Xhoi Yyjer Pt dj* = @o?,  k# (12)

If the distances dy ;, V i,k # i, the noise power o? are known as well as the minimum
SINR threshold, ¢, requirements, equations (12) can be solved as a linear programming
optimization problem:

Minimize ¥, PK (13)
s.t, PRAr® - o YN, Y, L PLdi® > go?
el T Yki Y lin=1 LvijzkIT 4ji = PO

The formulation presented by (13) can easily be employed in any existing cellular
network without the need of new standardization work. That is, the BS can solve the
optimization problem (13) off line and stores the optimal (border) transmission power
levels corresponding to each spatial subarea in a lookup table. This table can be
broadcasted by the BS on a less frequent basis. Therefore, a given UE which measures the
RSS of the beacon sent by the BS (in LTE, the common reference signal plays the role of
the beacon signal) and that sent by the multi-hop repeater (section 2). It can then,
calculates its (X, Y) coordinate (i.e., Equs. (5),(6)). Therefore, it can, automatically,
interpolates its optimal transmission power (section 4.3) level based on the subarea in
which it is currently resides. Moreover, if the UE moves to different spatial subarea, it can
exploit the new RSS to identify the new power level. Our approach reduces the need of
extra channel state knowledge at the BS, and no major modifications to the standard
systems. This can be explained as follows. In LTE, the common reference signal (CRS)
plays the role of the beacon signal. Therefore, UE’s position and other measurement
needed by the base station in order to implement our approach can, in_principle, be
implemented in the similar way by dividing the subcarriers into more parts. Such a
modification could be envisioned as, relatively, minor (S/W) modifications to the schemes
already realized by all cellular systems when supporting the handover function.

Of importance here is to note that the transmission power minimization problem (13) is
the dual of the transmission rate maximization problem. This duality means that (13), will
have the same solution in terms of the per user power values when the minimum power
sum is used to achieve the maximum (Shannon) transmission rate sum.

4.2. User's mode selection

In effect, mode selection plays a similar role for D2D communications as handover
does for traditional cellular communications in the sense that the D2D transmitter can
switch its transmission between the D2D receiver and its serving base station (BS).
Specifically, the BS decides on a potential D2D mode if the D2D link (possibly biased)
quality is better than that of the cellular uplink. As such, it is not difficult to realize, from
Equ. (12), that the mode selection scheme being adopted here is a distance-based mode
selection utilizing the localization scheme proposed in Section 2.
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4.3. Optimal-transmission power interpolation

For UEs which do not reside on the subarea's border, they use the optimal "border"
power levels (broadcasted as a lookup table by BS) in computing their transmission power
at any (X, Y) position in the cell. More specifically, we assume that the border's power
levels lie on an underlying but unknown curve and the problem is to interpolate the values
of the curve at any (X, Y) position between the borders. In this respect, we use the Hermite
interpolation method which is similar to the cubic method (requires at least 4 points) [19],
but achieves higher degree of continuity. Results of the UE's power level interpolations are
presented in subsequent section. It is not difficult to realize that, the power assignment
being proposed in this section reduces the complexity of exhaustively searching for the
optimal power allocation for each UE especially for large networks. Moreover, the power
interpolation scheme has actually turned the discrete (quantized) power assignment into a
continuous assignment scheme overall the cell area.

4.4. The D2D optimal transmission power assignment

Our aim is to restrict the D2D interference power induced at the BS by controlling the
transmission power of the D2D UEs. In this respect, assume a given SINR target, ¢p, for
the D2D UEs. According to Equ. (11), the D2D transmission power can be calculated as
follows:

PP =% (0% + 01 TvjerPr O (14)

Where, d,,; designates the spatial distance between the D2D transmitter and its
intended receiver (section 2). Equations (14) can be solved as linear programming
optimization problem with the following, additional, constraint aiming to limit the effect of
the D2D interference on the base station,

—1
dii = des @ 7%,

Here, dy g designates the spatial distance between the D2D transmitter and BS.
5. Sinr-outage probability

In this section, we choose outage probability as our metric for network performance
evaluation. It signifies the complement of the probability of successful transmission
resulting from the power and RB assignments being proposed. The rational for our choice
is that, we envision the SINR outage as measuring the probability that the achieved
transmission rate is falling below the desired communication rate, R, as a consequence of
improper reuse-distances (lack of SINR). To see this, recall the maximum "Shannon” rate,
R, wherein a one-to-one mapping between SINR and R indicates that the outage probability
can equivalently be stated in terms of the achieved transmission rate with, threshold-SINR
=2R -1,

More formally, the probability that the received SINR is below a given threshold o, is
defined as [20],

PSINRS ¢) = P(Pdi¢ <o (0 + 3L, SujuPhdE ) (15)

As mentioned earlier, when the desired signal P%‘d;,‘f‘ is subject to exponentially
distributed Rayleigh fading, we obtain for the outage probability over link of a distance,d, ;,
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P(SINRS< ¢) =1 —exp (1% ( o2+, v i Pl d]-__i“ )), (16)

Where, PK is the transmission power, the first term in the exponent of (16) depends on
the (AWGN) noise powera?, while the second term depends on the interference (assumed
Gaussian). According to equation (16), a message can be successfully decoded at the
receiver if and only if the SINR at the receiver is greater than the threshold ¢. If the SINR
at the receiver does not exceed that threshold, the link experiences an outage (hence,
denoted by SINR outage).

6. Validation results

Since interference is the main performance limiting factor in cellular networks. In this
section, we restrict ourselves to presenting answers to such questions as how interference
and, hence, outage probabilities are affected by the optimal transmission power and the
resource allocation schemes being developed in this paper.

Consider a cellular system wherein a given cell serves certain number of cellular UEs,
K of which is selected to share their uplink resources with the cellular UEs in a D2D
underlay fashion. We assume that the (X, Y) coordinate of the users are known to both the
UEs and the BS (section 2). Since D2D receivers suffer from the interference coming from
cellular user's uplink transmission. To limit this interference, we use the power control
scheme presented in section 4 hence, preventing cellular UEs from generating excess
interference at the D2D receivers. On the other hand, D2D users share the same resources
as cellular users in uplink; BS receives interference from D2D user's transmission. To
reduce this interference, we use the concentric based resource allocation scheme presented
in sections 3.

In this respect, we have developed a simulation mode that realistically models the D2D
underlay. The following summarizes the simulation parameters and their default values:
Cell (subarea) level user distribution: Uniform, Distance attenuation: L = 35.3 + 37.6* log
(d), Cell radius: 500m, UE thermal noise density: -188 dBm/Hz. Fig., (3) depicts the
structure of the simulation model. In this model, a potential D2D UE receiving from a
neighbor transmitter should be spatially separated from any other interferer by at least a
distance D known as the "reuse distance". Choosing D generally depends on the acceptable
SINR levels. In our study, we examine the effect of spatial separations between the D2D
transmitters and the BS located at the central of cellular communications. The aim is to
reduce the amount of interference induced at the BS receiver, hence, protecting the cellular
communications. In this respect, we compare the proposed "concentric" based D2D RB
assignment algorithm with the conventional (non- concentric) assignment.

At the beginning of the simulations, we assume the conventional, non-concentric
scenario first. Here, the position of the BS is considered as point (0, 0) and the cellular UEs
are having their positions fixed. Then, the D2D UEs are moved in steps of 20 m in both
directions from the BS. For each position, based on the (X, Y) coordinate estimation
algorithm, we compute the transmission power (problem 13) for a given SINR target of 10
dB. Fig., (4) illustrates the SINR-outage probability at the BS. As can be seen when UEs
are near the cell edge, the BS suffers less interference, hence, achieves less outage.
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On the other hand, since we are interested in studying the gains of having D2D
communications integrated in cellular networks under the following constraints, i)
concentric cell structure, ii) optimal transmission power control/interpolation, iii)
guantized RB allocation scheme. Fig., (5) below, compares the outage probabilities
obtained for the conventional and the optimized concentric scenarios. As can be seen, the
results reveal the fact that the amount of interference induced at both the cellular and D2D
UEs (C-UEs, D-UEs) and BS receivers depends not only on D2D spatial separation
between D2D and the BS. Rather, it also depends on the transmission power
optimization/interpolation as well as on the proper choice of the cellular RBs for sharing
with the D2D candidates in an underlay fashion.
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Finally, the spatial throughput which is often conceived as indicating the wasted
transmissions due to induced interference (wasted precious energy) is examined. Fig. (6),
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illustrates the achieved throughput as a result of the SINR-outage shown in Fig. (5). Let p
designate the achieved throughput and R the maximum transmission rate,

p=R (1- P(SINR< ¢))

As seen in Fig. (5), since our D2D approach outperformed that of the conventional
schemes. It is reasonable to examine the achieved throughput of D2D communication
based on our schemes only. As can be seen, as the distance between the two interfering
links (BS and D2D UES) is increased, the throughput increases due to the reduced amount
of interference. However, due to physical limitations on the maximum UE's transmission
power, increasing the distance between the D2D UE-pairs results in reduced throughput.
With this in mind, network applications such as streaming media, high levels of outage
would be unacceptable, and as such, it is desirable that the network operate in a low-outage
scheme. We leave this observation for further investigations.
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Fig. 6. D2D throughput in concentric cellular and D2D underlay
7. Summary and conclusions

In this paper, we have focused on the effect of the interference problem when D2D
underlay share the channel with cellular networks. It is seen that the amount of interference
depends not only on D2D transmit power but also on spatial distance between D2D
transmitters and the cellular users. The solution approach we have presented in this paper
is three folds: 1) a simple, practical approach for UE's (X, Y) coordinate estimation in a
typical cellular network scenario is presented. The aim is to enable efficient discovery and
communications between cellular and proximate D2D users. 2) an optimal transmission
power assignment/interpolation scheme is developed to set the transmission power of UEs
located anywhere in the cell in order to compensate for the channel path loss as well as for
the estimated noise and interference power induced at both the D2D and BS receivers. 3) a
spatial orthogonal resource reuse scheme which can guarantee an average SINR level for
the cellular and the D2D underlay is presented with some details. Finally, the SINR outage
probability is considered as our metric for network performance evaluation. Simulation
results have shown that using the concentric cellular cell structure outperforms the state of
the art, conventional, assignment system.
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At this point, it is worth noticing that the approach presented in this paper can easily be
implemented in real cellular networks without the need of new standardization work. In this
respect, we consider our approach as simpler where the power control and resource allocations
are separately considered with a significantly low complexity. For instance, in the first part of
the paper, a soft resource allocation scheme which guarantees orthogonality among all RBs
and, at the same time, guarantees maximum possible reuse distances is proposed. On the other
hand, storing the channel states offline in a lookup table at the BS and broadcasting this data on
less frequent basis is seen as further simplification compared with many schemes in the
literature wherein non-convex objective functions are adopted and which had to be
decomposed into (related) sub-problems, or solved using different approaches such as the
Lagrange multipliers or iterative algorithms such as the sub-gradient algorithm.
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