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Abstract—Device-to-device (D2D) communications can en-
hance the overall system capacity by reusing cellular spectrum,
which at the same time leads to severe interference to cellular
connections and vice versa. In practice, even when two wireless
connections share the same spectrum, the interference between
them may not always exist if there is no conflict at packet-level
transmissions. Thus, in this paper, we establish a cross-layer
model for D2D communications underlaying cellular network
to characterize the realistic interference scenario. The closed-
form stable throughput region between one D2D pair and one
cellular link is deduced. Subsequently, our model is extended
to a generalized scenario where multiple D2D pairs share the
same resources with one cellular link, in which the upper bound
of the stable throughput region is derived. As a consequence,
the stable throughput regions are significantly enlarged via the
proposed model.

I. INTRODUCTION

Device-to-device (D2D) communications serves as a

promising technique to improve the overall system capacity

since it allows direct transmission between users underlaying

cellular networks [1]. In order to improve spectral efficiency,

most recent research focused mostly on non-orthogonal shar-

ing mode, where D2D transmitters reuse cellular resources

for transmissions [2,3]. Since D2D users (DUEs) may simul-

taneously reuse an uplink or a downlink resource which is

assigned to a cellular user (CUE) by the BS, D2D commu-

nications will result in severe interference to the CUE-BS

link and vice versa. Efficient resources assignment strategies

and power allocation schemes have been proposed to prevent

such harmful intra-cell interference [4-6].

There exists a major shortcoming in the related works.

The existing works [2-6] were based on information-theoretic

studies where both D2D pairs and the cellular connection,

which share the same resources, keep transmitting signals

simultaneously and interfere with each other all the time.

However, in practice, packets are generated and queued

for transmission according to certain dynamic processes.

Considering the possibility of the transmission queues being
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Fig. 1. Queuing and transmission model for single D2D pair scenario.
Downlink resources are reused. Red lines represent the interference.

empty, all those connections may not access the channel si-

multaneously within each time slot even when they share the

same resources. The underutilization of licensed spectrum has

also stimulated the research on cognitive radio [7,8]. Thus,

the conventional model fails to capture the real interference

scenario.

In this paper, we propose a new cross-layer model to

characterize the interference between D2D and cellular trans-

missions. The “cross-layer” notion represents that the pro-

posed model is not only based on physical layer in terms of

outage probabilities, but also refers to packet-level queueing

and transmission process. Closed-form expression on stable

throughput region, when one D2D pair shares the same

resources with one cellular link, is derived, where stable

throughput region is defined as the set of all arrival rate

vectors (in packets/slot) to the sources such that all queues

in the network remain bounded [9,10]. Subsequently, the

model and analysis will be extended to the generalized case

where multiple D2D pairs share the same cellular resources.

The upper bound of the stable throughput region are derived

to characterize the throughput behavior. As a consequence,

the proposed model achieves larger throughput region than

that of the conventional model or TDMA orthogonal trans-

missions. The improvements of the proposed model will be

verified through simulations.

Notations: λ, packet arrival rate; μ, packet service rate;

ρ, outage probability; CN (0, σ2), circular symmetric com-

plex Gaussian distribution with zero-mean and variance σ2;
exp(1/σ2), exponential distribution with mean σ2; Pr{A},
the probability of event A; E, mathematical expectation.
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II. SYSTEM MODEL

We consider a hybrid single-cell network, where D2D

connections coexist with cellular transmissions. In the single

D2D scenario, one D2D pair reuses the same resources with

one cellular connection, as depicted in Fig. 1.

The instantaneous channel gain from the transmitter of

link i to the receiver of link j (i, j ∈ {c, d}) accounts for

the path loss and Rayleigh fading, represented by Gij =
L−α
ij |hij |2, where Lij is the distance between the node i and

j with path-loss exponent α, hij ∼ CN (0, 1) is modeled

as zero-mean complex Gaussian random variables with unit

variance, characterizing the Rayleigh fading. Thus, Gcc ∼
exp(1/σ2c ), Gdd ∼ exp(1/σ2d), Gcd ∼ exp(1/σ2cd), and

Gdc ∼ exp(1/σ2dc) represent the channel gains of the cellular

link, the D2D link, channel from the cellular transmitter to the

D2D receiver, and channel from the D2D transmitter to the

cellular receiver, respectively. All channel coefficients remain

constant within one frame and vary independently from frame

to frame. The corresponding noise at each receiver is assumed

to be complex additive white Gaussian noise (AWGN) with

variance N0. We consider slot-by-slot transmissions. Without

loss of generality, let the duration of one time slot (TS) be

one packet transmission period.

III. SINGLE D2D SCENARIO

In the single D2D scenario, as depicted in Fig. 1, packets

are generated at the cellular transmitter and D2D transmitter

with average rate λc and λd (packets/slot), respectively,

independent from each other and i.i.d over slots. Qc and

Qd are the transmission queues at the transmitters of the

cellular connection and the D2D pair, respectively, with

infinite capacity for storing arriving packets. The Loynes’

Theorem [11] states that if the arrival and service processes

of a queue are strictly stationary and ergodic, the queue is

stable if and only if the average arrival rate is strictly less

than the average service rate. Thus, the stable throughput

region, where one D2D pair and one cellular link share the

same resources, is expressed as

R = {(λc, λd)| λc < μc & λd < μd}, (1)

where μc and μd are the service rates of the cellular link and

D2D connection (packets/TS), respectively. We assume that

acknowledgements (ACKs) are instantaneous and error-free.

The packet that fails to be decoded by the desired receiver

will stay in the queue for retransmission. The service rate of

each connection is equal to the probability that one packet is

successfully decoded at the receiver. Thus we have

μc =Pr{Qd = 0}(1− ρc) + Pr{Qd > 0}(1− ρ(I)c )

(a)
=

Å
1− λd

μd

ã
(1− ρc) +

λd
μd

(1− ρ(I)c )
(2)

and

μd =Pr{Qc = 0}(1− ρd) + Pr{Qc > 0}(1− ρ
(I)
d )

(a)
=

Å
1− λc

μc

ã
(1− ρd) +

λc
μc

(1− ρ
(I)
d ),

(3)

where Qi = 0 (i ∈ {c, d}) denotes that the transmission

queue i is empty and no packet is sent within this TS and

Qi > 0 corresponds to the case that link i is occupying

the channel to perform the transmission, ρc is the outage

probability of the cellular link when it is free from the

interference from D2D link and ρ
(I)
c is the outage probability

of the interference scenario. Likewise, ρd and ρ
(I)
d correspond

to the outage probabilities of the D2D connection under these

two circumstances, respectively. The deducing (a) in (2) or

(3) is based on the Little’s Law [12], which states that the

probability of queue size being equal to zero in a G/G/1

queue with arrival rate λ and service rate μ is (1− λ
μ ).

Based on the distributions of the channel gains, the outage

probabilities are calculated through

ρc = Pr

ß
B log

Å
1 +

PcGcc

N0

ã
< Rc

™
= 1− e

−N0ηc

Pcσ
2
c , (4)

ρd = Pr

ß
B log

Å
1 +

PdGdd

N0

ã
< Rd

™
= 1− e

−N0ηd
Pdσ

2
d , (5)

ρ(I)c =Pr

ß
B log

Å
1+

PcGcc

PdGdc+N0

ã
<Rc

™
=1− Pcσ

2
c e
−N0ηc

Pcσ
2
c

Pcσ2c+ηcPdσ2dc
,

(6)

and

ρ
(I)
d =Pr

ß
B log

Å
1+

PdGdd

PcGcd+N0

ã
<Rd

™
=1− Pdσ

2
d e
−N0ηd

Pdσ
2
d

Pdσ2d+ηdPcσ2cd
,

(7)

respectively, where B is the bandwidth, Pc and Pd are

the transmit powers of the cellular transmitter and D2D

transmitter, respectively, ηc = 2
Rc
B − 1 and ηd = 2

Rd
B − 1,

Rc = LcT with Rc being the threshold rate related to

outage event of cellular link and Lc being the number of bits

contained in one packet sent by cellular transmitter. Likewise,

Rd corresponds to the D2D link.

Based on (2) and (3), we can obtain the expressions of μc

and μd. Then, according to stable constraint (1), the stable

throughput region is given in the following Theorem 1.

Theorem 1. The stable throughput region
R = {(λc, λd)|λc < μc & λd < μd}, where one
D2D pair with packet arrival rate λd shares the same
resources with one cellular link with λc, is characterized by

R =
{
(λc, λd)

∣∣∣(λc, λd) ∈ R1

⋃
R2

}
(8)

where

R1=

®
λc<min

®
(1−ρc)−λd

ρ
(I)
c −ρc
1−ρ(I)d

,
(1−ρd−λd)(1−ρ(I)c )

ρ
(I)
d −ρd

´́
,

(9)
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and

R2=

{
λc<min

{
(1−ρc)(1−ρd)−λd(ρ(I)c −ρc)

2− ρd − ρ
(I)
d

,
(1−ρd)(1−ρc)

ρ
(I)
d −ρd

− λd(2−ρc−ρ(I)c )

ρ
(I)
d −ρd

,

(»
λd(ρ

(I)
c −ρc)−

√
(1−ρc)(1−ρd)

)2

ρ
(I)
d −ρd

}}
,

(10)

IV. MULTIPLE D2D SCENARIO

We assume N D2D pairs {1, 2, · · · , N} share the same

resources with one cellular link. We still use λc and μc

to characterize the packet arrival and service rates of the

cellular link, respectively. The packet arrival and service

rates of D2D pair n (n ∈ {1, 2, · · · , N}) are respectively

denoted by λn and μn. Pc represents the transmit power

of the cellular link and Pn corresponds to D2D pair n.

Let Gn ∼ exp(1/σ2n) (n ∈ {1, 2, · · · , N}) denote the

channel gain between the transmitter node of D2D pair n
and its receiver while Gc ∼ exp(1/σ2c ) characterizes the

cellular link. The channel gain from cellular transmitter to

the receiver of D2D pair n is Gcn ∼ exp(1/σ2cn) while

Gnc ∼ exp(1/σ2nc) corresponds to the channel gain between

the transmitter of D2D pair n and the cellular receiver. As it

is very difficult to obtain the exact characterization of the

stability region with multiple interacting queues [13][14],

we simplify the theoretical derivations via deducing the

upper and lower bounds. Due to low-power short-distance

transmission nature of D2D pairs [15], the performance of

D2D link is mainly determined by the interference from the

cellular link. Thus, we firstly derive the upper bound by

ignoring the interference among D2D pairs.

Although the interference among D2D pairs are ignored

in the upper bound, the interactions between D2D pairs

and cellular link are still taken into consideration. Thus, the

expressions of service rates of D2D pairs are similar to (3).

Particularly, the service rate of D2D pair n is determined by

μn =

Å
1− λc

μc

ã
(1− ρn) +

λc
μc

(1− ρ(I)n ), (11)

where ρn is the outage probability of D2D connection n

without interference from cellular link, and ρ
(I)
n characterizes

the interference case. ρn and ρ
(I)
n can be calculated through

(5) and (7). The stable throughput constraints require that

μn > λn, thus, based on (11), we have μc >
λc(ρ

(I)
n −ρn)

1−ρn−λn
. As

there exists N D2D pairs, μc needs to satisfy:

μc>max

®
λc(ρ

(I)
1 −ρ1)

1−ρ1−λ1 ,
λc(ρ

(I)
2 −ρ2)

1−ρ2−λ2 ,· · ·,λc(ρ
(I)
N −ρN )

1−ρN−λN

´
.

(12)

The cellular transmission suffers from the interference from

all D2D pairs. D2D pair n either transmits or keeps si-

lence within each TS. Thus there exists 2N system state

for each TS. We use 2N vectors {v1,v2, · · · ,v2N } to

describe different states where vk = (vk,1, vk,2, · · · , vk,N )

(k ∈ {1, 2, · · · , 2N}), and

vk,n =

ß
1 D2D pair n is transmitting
0 D2D pair n keeps silence

(13)

Hence, the service rate of the cellular link is calculated by

μc =
2N∑
k=1

Pr{vk}(1− ρvk), (14)

where Pr{vk} is the probability of scenario k and ρvk is

the corresponding outage probability. For D2D pair n, the

probability of occupying the channel is Pr{Qn > 0} = λn
μn

,

where Qn is the transmission queue of D2D pair n. Thus we

have

Pr{vk} =
N∏

n=1

∣∣∣∣1− vk,n − λn
μn

∣∣∣∣ . (15)

Then we calculate ρvk as

ρvk = Pr

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
B log

à
1 +

PcGc

N∑
n=1

vk,nPnGnc +N0

í
< Rc

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

= 1−
N∑

n=1

vk,nPcσ
2
c (Pnσ

2
n)
||vk||1−1

N∏
i=1,
i �=n

vk,i(Pnσ
2
n − Piσ

2
i )(ηcPnσ

2
n + Pcσ

2
c )

e
− ηcN0

Pcσ
2
c ,

(16)

where ||vk||1 =
∑N

n=1 vk,n. Based on (15) and (16), the

right hand side of (14) can be defined as a function on μc,

denoted by f(μc). Thus, μc is the root of f(μc) − μc = 0.
The stable throughput constraints require that μc > λc and

μn > λn. For D2D pairs n, μn > λn is satisfied if (12) holds.

Meanwhile, stable constraints also require μc > λc. Based

on the above derivations, we have the following theorem.

Theorem 2. The upper bound of the stable throughput region
Rupper, when one cellular link with packet arrival rate λc

and N D2D pairs with packet arrival rates {λ1, λ2, · · · , λN}
(N ≥ 1) share the same resources, is given as

Rupper=

®
(λc, λ1, · · · , λN )

∣∣∣∣∣μc>max

®
λc,

λc(ρ
(I)
1 − ρ1)

1− ρ1 − λ1
,

λc(ρ
(I)
2 − ρ2)

1− ρ2 − λ2
, · · · , λc(ρ

(I)
N − ρN )

1− ρN − λN

´́
,

(17)

where μc is the root of f(μc)− μc = 0.

The lower bound of the region can also be obtained

through assuming that the interference among D2D pairs

always exists. The derivations are almost the same as those

of the upper bound. We only need to replace noise power

N0 at the receiver of D2D pair n with N0,n = N0 +∑N+1
k=1,k �=n PkGkn. Thus, the derivation of the lower bound

will not be detailed in this paper due to length limit. The

result will be shown in simulations.
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Fig. 2. The stable throughput regions of single D2D pair scenarios. “L” stands for the distance between the D2D link and the cellular link.

V. NUMERICAL RESULTS

We compare the proposed model with the conventional

one and the TDMA transmissions. The “conventional model”

refers to the common assumptions in existing works [2-6],

where they only considered Case 2 (the worst case) when

calculating SINRs or data rates. In TDMA, the same TSs will

not be allocated to more than one connection, i.e., orthogonal

transmissions without interference. Path-loss exponent α =
4. The power constraint for the cellular link is 23dbm and

17dbm for D2D links. Bandwidth is 180kHz and the outage

threshold rate of each link is 5 bit/s/Hz. The distance between

the BS and the CUE is 100m and the distance of D2D link

is 20m.

Firstly, we consider the single D2D pair scenario, where

downlink resources are reused. The stable throughput regions

in different scenarios are given in Fig. 2. We change the

distances between the cellular link and the D2D pair L.

The bound line in each figure is the best achievable region

bound when adjusting the power of each transmitter. The

TDMA bound with two-user case is known as a straight line

λc + λd ≈ 1. Thus, for simplification, we do not plot its

curve in Fig. 2(a) and 2(c). It can be seen from Fig. 2(a)

that when the distance between the two links is small, the

stable throughput region of the proposed scheme contains

both the grey area (the region of the conventional model) and

the blue area (the extension when compared with the conven-

tional model). With the increase of the distance between the

two links, the conventional region approaches the proposed

one and all of them achieve the same boundary when the

conventional one reaches the TDMA region, as depicted in

Fig. 2(b). After that, when the distance between the two

links continues increasing, where the inter-link interference

is too small to affect each other’s transmissions, both the

conventional region and the proposed one outperform that of

TDMA, as shown in Fig. 2(c).

Then we extend our experiments to multiple D2D pairs.

Since it is difficult to plot the high-dimensional regions

for large N , we test the “Access Probability” behaviors

by Monte Carlo simulations, where admission occurs if all

the packet arrival rates are within the stable throughput

region. The average packet arrival rates of D2D pairs are

uniformly distributed in [0,1]. “Prop.” stands for the proposed
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N = 4 Conv.

N = 4 Prop., Upper

N = 4 Prop., Lower

Fig. 3. Admission behaviors of multiple D2D pairs scenarios. Lc = 100m.

model and “Conv.” is the conventional one. As shown in

Fig. 4, the improvements of the proposed model become

more significant with the increase of N . This is because

the conventional model assumes interference within every

TS. Such interference grows remarkably with the increase of

the number of interactional connections. With large N , the

accuracy of actual interference model plays a more significant

role in determining network performance.

VI. CONCLUSION

In this paper, a new cross-layer model is established to

characterize the actual inter-user interference scenarios be-

tween cellular connection and D2D links when they share the

same resources. The stable throughput regions are deduced to

demonstrate the behaviors of non-orthogonal transmissions

among multiple interactional links. As a consequence, the

proposed model outperforms both TDMA and the conven-

tional one, enlarging the achievable throughput region by

accurately characterizing the interference scenarios.
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