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Abstract—Two-path relay networks can be deployed to achieve full-rate
transmissions. In this paper, we introduce stable throughput analysis
into decode-and-forward (DF) two-path relay networks. We establish the
queueing model and take outage probabilities into consideration to char-
acterize the packet-level cooperation and derive the closed-form stable
throughput region. Based on the stable throughput region, we also propose
a power-allocation scheme between the source node and relays to maximize
the achievable packet rate. The maximal achievable packet rate determines
the admission control of certain cooperation (i.e., when to cooperate) under
a specific interrelay interference (IRI) cancellation technique. The power
allocation is utilized to illustrate how to cooperate between the source node
and relays. Three IRI responses are considered, and the system behaviors
under various circumstances are presented through simulations.

Index Terms—Interrelay interference (IRI), power allocation, stable
throughput region, two-path relay.

I. INTRODUCTION

The cooperative communication technique has attracted a lot of
interests in recent years since it can improve the network coverage and
diversity performance. Due to the half-duplex nature of a relay (i.e.,
a node can either “transmit” or “receive” at any time instant in the
same channel), conventional one-way relay networks require two time
slots for the relay to receive the signal and then forward it, respectively
[1]. Thus, a cooperative scheme named two-path successive relay was
introduced to overcome such bandwidth inefficiency [2], [3]. As shown
in Fig. 1, at each time slot, source node S transmits its packet to
one of the relays, and the other relay simultaneously forwards the
signal received from S at the previous slot. As a consequence, the
source node has access to the channel within each slot, named full-rate
transmission. Meanwhile, the two-path relay has introduced interrelay
interference (IRI), whereas the receiving relay suffers the interference
from the transmitting relay, marked as red bold arrows in Fig. 1.
Diverse schemes were proposed to deal with the IRI [4]–[7]. In our
previous works [8], [9], we exploited physical-layer network coding
and complex field network coding (CFNC) to cancel IRI.

Since all existing works are focused on IRI cancellation techniques,
they lack analysis and discussions on the following aspects for two-
path relay networks. First, only the symbol error rate or the bit error
rate is derived in those papers, whereas the achievable data rate is
related to the end-to-end packet error rate, which is characterized
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Fig. 1. Two-path relay model.

by outage probability. Second, no power allocation is performed in
their studies since power allocation plays a significant role in system
performance in conventional relay-based networks. The system has
to decide whether QoS requirements (e.g., data rate) can be satisfied
under such cooperation and how to cooperate to achieve better system
behavior. These decisions depend on the appropriate power-allocation
scheme.

In this paper, we first propose a cross-layer model for decode-and-
forward (DF) two-path relay networks. In AF relay systems, both the
noise and the IRI are amplified and forwarded to the destination, re-
sulting in performance degradation and complicated detections. Thus,
DF relays are considered in our paper. The “cross-layer” represents
that we introduce queueing stability (upper layer) into analysis to
characterize packet-level cooperative transmissions, together with the
outage probability in the physical layer. Based on this model, we
present the stable throughput region of the source node, where the
stable throughput region is defined as the set of all arrival rate vectors
(in packets/slot) to the source such that all queues in the network
remain bounded, which has been applied to the analysis in one-
way relay networks and cognitive radio [10], [11]. Subsequently, to
determine when and how to cooperate, we perform power allocation to
maximize the achievable throughput (i.e., data rate) subjected to stable
throughput constraints. Furthermore, the analysis and simulations of
three scenarios are derived and compared, respectively, in our paper:
1) the case with no IRI cancellation technique, 2) the IRI cancellation
scheme proposed in [5], and 3) the CFNC-based IRI cancellation
scheme in our previous work [9].

The rest of this paper is organized as follows. Section II depicts
the system model, and the stable throughput region is derived. The
theoretical analysis on power allocation under three scenarios is given
in Section III, and simulation results are presented in Section IV.
Finally, Section V summarizes this paper.

Notations: λ is the packet arrival rate; μ is the packet service
rate; ρ is the outage probability; CN (0, σ2) is the circular sym-
metric complex Gaussian distribution with zero mean and vari-
ance σ2; exp(1/σ2) is the exponential distribution with mean σ2;
Pr{A} is the probability of event A; E is the mathematical expec-
tation; ∠X is the phase of X; and x∗ is the conjugate of x.

II. SYSTEM MODEL AND STABLE THROUGHPUT REGION

Here, we will present the DF two-path relay model and the packet-
level cooperation strategy with queueing process. Subsequently, the
closed-form stable throughput region of our model is derived.

A. Networks and Links

As shown in Fig. 1, this paper considers a two-path relay network
that consists of one source node S, one destination node D, and two
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DF relays R1 and R2. Each node is equipped with a single antenna
and operates in half-duplex mode. The relays have no data to send. As
the same assumptions in [5]–[8], we ignore a direct link between the
source and the destination due to long distance. The packets can only
be transmitted through source–relay–destination. The transmit power
of the source node is Ps, and the transmit power of each relay is Pr.
Since the source and the relay will transmit packets simultaneously
within the same spectrum, they can be treated as a single transmitter
by other nodes in the network. Thus, the sum of source’s and relay’s
transmit power should meet the power constraint for conventional
one-hop noncooperation transmissions to prevent severe interference.
Hence, in this paper, we consider Ps + Pr ≤ Pth. Such constraint is
also deployed by [12] and conventional one-way relay networks when
performing power allocation. We let Gij represent the channel gain
between transmitting node i and receiving node j (i ∈ {s, 1, 2} and
j ∈ {1, 2, d}), where 1, 2 stand for the relay nodes R1,R2. Channel
gains between R1 and R2 satisfy channel reciprocity (i.e., G12 =
G21). The instantaneous channel gain accounts for the path loss and
Rayleigh fading, which is expressed as

Gij = L−α
ij · |hij |2 (1)

where Lij is the distance between i and j with path-loss exponent
α. In addition, hij ∼ CN (0, 1) is modeled as zero-mean complex
Gaussian random variables with unit variance. Thus, we have Gij ∼
exp(1/σ2

ij), where σ2
ij = L−α

ij . Under normal circumstances, each
receiver is aware of channel state information (CSI), i.e., h1d, h2d

are known at D and relay Ri is aware of hsi, h12 (i ∈ {1, 2}). All
channel coefficients remain constant within one packet time and vary
independently from packet to packet. The corresponding channel noise
at each receiver is assumed to be complex additive white Gaussian
noise with variance N0.

B. Packet-Level Cooperation and Queueing Model

We consider slot-by-slot transmissions where 1 s is divided into
T time slots, where we let the duration time of one slot be one
packet transmission period. Packets are generated at the source node
with average rate λs (packets/slot). The cooperative transmission is
performed as follows. We assume that at each odd slot, the source
node transmits the packet to R1, whereas R2 simultaneously forwards
the packet to the destination. At each even slot, the source’s packet
is received by R2, whereas R1 forwards the packet in its queue. If
the corresponding relay successfully decodes the packet, it broadcasts
an acknowledgement (ACK) to the source; thus, the packet exits the
source’s queue while this relay will keep the packet and take the
responsibility to forward it; otherwise, the packet stays in the source’s
queue, waiting to be retransmitted. Meanwhile, if the packet is not
successfully decoded at the destination, the packet will stay in the
relay’s queue and be retransmitted within the next corresponding time
slot. All ACKs are instantaneous and error-free.

Our objective is to maximize the achievable throughput (i.e., maxi-
mal λs). Thus, the source should keep transmitting either a new com-
ing packet or a retransmission packet within each time slot. However,
in fact, although the source node can keep transmitting within each
slot, IRI does not always exist. For example, when R1 fails to decode
the current packet, retransmission is performed by the source, and R1

has a positive probability to keep silent within the next slot, i.e., no
IRI to R2’s receiving. This is why we introduce the queueing model at
each transmitter to characterize the transmission, unlike conventional
research on the physical layer where the IRI is always assumed to be
existent.

According to Loynes’ Theorem [13], which 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. Assuming no packet dropouts at the
transmitter (i.e., enough cache for arrived packets), the average service
rate of the source node is μs = (μs1 + μs2)/2 (packets/slot), where
μs1 and μs2 are the average service rates of S−R1 and S−R2 links,
respectively. Service rate is equal to the probability that one packet is
successfully decoded at receiver. Hence, we have

μs1 = Pr{Q2 = 0}(1 − ρs1) + Pr{Q2 > 0}
(

1 − ρ
(I)
s1

)

=

(
1 − λ2

μ2

)
(1 − ρs1) +

λ2

μ2

(
1 − ρ

(I)
s1

)
(2)

μs2 = Pr{Q1 = 0}(1 − ρs2) + Pr{Q1 > 0}
(

1 − ρ
(I)
s2

)

=

(
1 − λ1

μ1

)
(1 − ρs2) +

λ1

μ1

(
1 − ρ

(I)
s2

)
(3)

where Q1 and Q2 are the lengths of the queue at R1 and R2,
respectively. Qi = 0 represents that there is no packet in queue i
and Ri keeps silence (i.e., no IRI within this slot). Based on Little’s
law [14], the probability of nontransmission in a G/G/1 queue is
(1 − (arrival rate/service rate)). Hence, λ1 and μ1 are the average
packet arrival rate and the service rate at relay R1, whereas λ2 and
μ2 correspond to R2. The first term in (2) denotes that no packet is
transmitted by R2, i.e., no IRI to R1. The second term characterizes the
IRI case. Likewise, it is the same for μs2 in (3). Thus, ρs1 stands for the
outage probability of the S−R1 link when IRI is not existent, whereas
ρ
(I)
s1 characterizes the outage probability of the IRI case. Without IRI,

the outage probabilities ρs1 and ρs2 can be expressed as

ρs1 = Pr

{
W log

(
1 +

PsGs1

N0

)
< R

}
= 1 − e

− N0η

Psσ2
s1 (4)

ρs2 = Pr

{
W log

(
1 +

PsGs2

N0

)
< R

}
= 1 − e

− N0η

Psσ2
s2 (5)

where

η = 2
R
W

−1. (6)

W is the bandwidth. Channel gain Gs1 ∼ exp(1/σ2
s1), and Gs2 ∼

exp(1/σ2
s2). Assuming one packet contains K bits, we have R =

KT . The calculations of ρ
(I)
s1 and ρ

(I)
s2 vary based on different IRI

cancellation techniques, which will be detailed in the next section.
While the source node keeps transmitting within each slot, the

average packet arrival rates at relays are the same as the service rates
of the source node, i.e.,

λ1 =μs1 (7)

λ2 =μs2. (8)

Meanwhile, the average service rates at relays depend on relay–
destination links, characterized as

μ1 = 1−ρ1d =1−Pr

{
W log

(
1+

PrG1d

N0

)
<R

}
= e

− N0η

Prσ2
1d

(9)

μ2 = 1−ρ2d =1−Pr

{
W log

(
1+

PrG2d

N0

)
<R

}
= e

− N0η

Prσ2
2d

(10)

where G1d ∼ exp(1/σ2
1d), G2d ∼ exp(1/σ2

2d), and ρ1d and ρ2d are
the outage probabilities of R1−D and R2−D link, respectively.
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C. Stable Throughput Region

Based on (2), (3), and (7)–(10), we have

μs1 =
(1 − ρs1)(1 − ρ2d)− (1 − ρs2)

(
ρ
(I)
s1 − ρs1

)

(1 − ρ1d)(1 − ρ2d)−
(
ρ
(I)
s1 − ρs1

)(
ρ
(I)
s2 − ρs2

) (1 − ρ1d)

(11)

μs2 =
(1 − ρs2)(1 − ρ1d)− (1 − ρs1)

(
ρ
(I)
s2 − ρs2

)

(1 − ρ1d)(1 − ρ2d)−
(
ρ
(I)
s1 − ρs1

)(
ρ
(I)
s2 − ρs2

) (1 − ρ2d).

(12)

The stability of the entire network requires the stability of each send
queue, i.e., {λs < μs, λ1 < μ1, λ2 < μ2}. Subsequently, we present
the results with respect to the stable throughput region.

Theorem 1: In a DF two-path relay network, the stable throughput
region of the source–destination connection is characterized by

R =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(a) λs < μs1+μs2
2

(b)
(1−ρs1)(1−ρ2d)−(1−ρs2)

(
ρ
(I)
s1 −ρs1

)

(1−ρ1d)(1−ρ2d)−
(
ρ
(I)
s1 −ρs1

)(
ρ
(I)
s2 −ρs2

) < 1

(c)
(1−ρs2)(1−ρ1d)−(1−ρs1)

(
ρ
(I)
s2 −ρs2

)

(1−ρ1d)(1−ρ2d)−
(
ρ
(I)
s1 −ρs1

)(
ρ
(I)
s2 −ρs2

) < 1

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(13)

where (13b) and (13c) are based on λ1 = μs1 < μ1 and λ2 = μs2 <
μ2, respectively.

III. POWER ALLOCATION

In conventional one-way relay networks, power allocation plays a
significant role in determining system performance. It helps to decide
whether the QoS requirement can be satisfied through cooperation and
how to cooperate to achieve maximal data rate. Therefore, we model a
generalized power-allocation problem for a DF two-path relay system
based on our stable throughput constraints and derive its solutions
based on different IRI responses.

Our objective is to maximize the achievable packet arrival rate at
source node, i.e., maximizing the service rate μs. Thus, the optimiza-
tion problem is characterized as

λ∗
s = max

Ps,Pr

μs1 + μs2

2
(14a)

s.t. λ1 ≤ μ1 (14b)
λ2 ≤ μ2 (14c)
Ps + Pr ≤ Pth (14d)

where (14b) and (14c) correspond to the stable throughput constraint.
Before resolving this problem, we first introduce the following lemma.

Lemma 1: Suppose t1 and t2 are independent exponentially distrib-
uted random variables with means σ2

1 and σ2
2 . Then, we have

Pr

{
t1

t2 + a
< b

}
= 1 − σ2

1

σ2
1 + bσ2

2

e
− ab

σ2
1 . (15)

Proof:

Pr

{
t1

t2 + a
< b

}
=E|t2 {Pr {t1 < b(t2 + a)|t2}}

=

∞∫
0

1
σ2
2

e
− t2

σ2
2

b(t2+a)∫
0

1
σ2
1

e
− t1

σ2
2 dt1dt2

= 1 − σ2
1

σ2
1 + bσ2

2

e
− ab

σ2
1 . (16)

�

Different IRI cancellation strategies result in different λ∗
s . Subse-

quently, we consider three scenarios mentioned in Section I and deduce
the optimal λ∗

s , respectively. In the following derivations, we add
subscripts “A,B,C” to the notations to distinguish different scenarios.

A. Decoding Without IRI Cancellation

In the conventional way without any IRI response, the signals from
the source node are directly detected by the relay, with symbols
from the other relay being treated as interference. Thus, the outage
probabilities are calculated based on the signal-to-interference-plus-
noise ratio, which are expressed as

ρ
(I)
s1,A = Pr

{
W log

(
1 +

PsGs1

PrG12 +N0

)
< R

}

= 1 − Psσ
2
s1

Psσ2
s1 + ηPrσ2

12

e
− N0η

Psσ2
s1 (17)

ρ
(I)
s2,A = Pr

{
W log

(
1 +

PsGs2

PrG12 +N0

)
< R

}

= 1 − Psσ
2
s2

Psσ2
s2 + ηPrσ2

12

e
− N0η

Psσ2
s2 (18)

where G12 ∼ exp(1/σ2
12), and subscript “A” represents the case with-

out IRI cancellation. The calculations are based on Lemma 1. Based
on expressions of the outage probabilities of all links, λi, μi are only
determined by (Ps, Pr) if W,R,N0, σ

2
ij are given (i ∈ {s, 1, 2}, j ∈

{1, 2, d}). Thus, the packet arrival rates and service rates can be
expressed as λi,A(Ps, Pr) and μi,A(Pr).

The original problem (14) is nonconvex and is intractable in its
original form. To obtain λ∗

s,A, we introduce the following proposition.
Proposition 1: When the maximal available packet arrival rate λ∗

s,A

is achieved, the sum of the corresponding transmit powers of the source
and the relay, which are represented by P ∗

s,A and P ∗
r,A, respectively, is

equal to Pth. In addition, for at least one of the two relays, the packet
arrival rate is the same as its service rate. Mathematically, we have

P ∗
s,A + P ∗

r,A =Pth (19)

λ1,A

(
P ∗
s,A, P

∗
r,A

)
=μ1,A

(
P ∗
r,A

)
or λ2,A

(
P ∗
s,A, P

∗
r,A

)
=μ2,A

(
P ∗
r,A

)
. (20)

Proof: The proof of this proposition is provided in the
Appendix. �

Therefore, we can obtain λ∗
s,A through two steps.

Step 1: Replacing Pr with Pth − Ps, function fA(Ps) is
defined as

fA(Ps)=μ1,A(Pth − Ps)− λ1,A(Ps, Pth − Ps)

(a)
= (1−ρ1d)−

(1−ρs1)(1−ρ2d)−(1−ρs2)
(
ρ
(I)
s1,A

−ρs1
)
(1−ρ1d)

(1−ρ1d)(1−ρ2d)−
(
ρ
(I)
s1,A−ρs1

)(
ρ
(I)
s2,A−ρs2

)
(21)

where (a) is based on the expressions on μ1 and λ1 in (7), (9), and
(11). All the outage probabilities in (21) are calculated by (4), (5),
(9), (10), (17), or (18). Then according to fA(Ps) = 0, we can obtain
Ps. Furthermore, in order to obtain a closed-form expression on Ps,
we utilize the first-order Taylor expansion of exponential function. We

replace e−N0η/Piσ
2
ij with (1 − (N0η/Piσ

2
ij)) in (4), (5), (9), (10),

(17), and (18) and then substitute them into (21). After simplifications,
fA(Ps) = 0 is given as

Ps
4 + a1Ps

3 + a2Ps
2 + a3Ps + a4 = 0 (22)
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where

V =
1

σ2
12σ

2
1dσ

2
s1σ

2
s2

(23a)

a1 =V ·
(
σ2
12σ

2
1d

(
N0η

(
σ2
s1 + σ2

s2

)
+ 2Pthσ

2
s1σ

2
s2

)
−N0

(
σ2
s1 + σ2

1d

) (
σ2
s1 − ησ2

12

) (
σ2
s2 − ησ2

12

))
(23b)

a2 =V ·
(
σ2
12σ

2
1d

(
N2

0 η
2+2PthN0η

(
σ2
s1+σ2

s2

)
+P 2

thσ
2
s1σ

2
s2

)
+PthN0σ

2
1d

(
σ2
s1 − ησ2

12

) (
σ2
s2 − ησ2

12

))
− PthN0η

(
σ2
12σ

2
s1 + σ2

12σ
2
s2 − 2ησ4

12

) (
σ2
s1 + σ2

1d

)
(23c)

a3 =V ·
(
P 2
thN0η

(
σ2
12σ

2
s1 + σ2

12σ
2
s2 − 2ησ4

12

)
− σ2

12σ
2
1d

(
P 2
thN0η

(
σ2
s1 + σ2

s2

)
+ 2PthN

2
0 η

2
)

−P 2
thN0η

2σ4
12

(
σ2
s1 + σ2

1d

))
(23d)

a4 =V ·
(
P 2
thN0η

2σ2
12σ

2
1d

(
N0 + Pthσ

2
12

))
(23e)

where all the parameters in (23a)–(23e) are the same as those defined
in previous expressions or derivations. The Ferrari’s formula [15] can
be utilized to obtain the closed-form roots of (22) (a quartic polynomial
equation). Subsequently, the feasible solution set for Ps is given by

AStep1 = {Ps|fA(Ps) = 0, ∠Ps = 0, 0 < Ps < Pth,

λ2,A(Ps, Pth − Ps) ≤ μ2,A(Pth − Ps)} (24)

where ∠Ps = 0 denotes that the phase of Ps is 0 (i.e., Ps is a real
number).

Step 2: We define another function gA(Ps) = μ2,A(Pth −
Ps)− λ2,A(Ps, Pth − Ps). Likewise, let gA(Ps) = 0, we obtain the
feasible solution set

AStep2 = {Ps|gA(Ps) = 0, ∠Ps = 0, 0 < Ps < Pth, fA(Ps) ≥ 0}.
(25)

Finally, the optimal transmit power of the source node is

P ∗
s,A = argmax

Ps∈AStep1
⋃

AStep2

μs1 + μs2

2
(26)

and P ∗
r,A = Pth − P ∗

s,A.

B. IRI Cancellation Scheme in [5]

In [5], the orthogonality of the real and imaginary parts of the
symbol was exploited to distinguish the information and interference
at relays. For example, within each odd slot, the source only transmits
the real component of its modulated symbols, whereas the symbols
forwarded by R2 only contain their imaginary component. As a result,
the receiver can separate the information from interference through
simply extracting the real or imaginary phase of the received signal.
We use subscript B to stand for the case in [5]. Thus, ρs1,B , ρ(I)s1,B ,

ρs2,B , and ρ
(I)
s2,B are given by

ρs1,B = ρ
(I)
s1,B = Pr

{
W

2
log

(
1 +

PsGs1

N0

)
< R

}

= 1 − e
−

N0

(
2
2R
W −1

)

Psσ2
s1 (27)

ρs2,B = ρ
(I)
s2,B = Pr

{
W

2
log

(
1 +

PsGs2

N0

)
< R

}

= 1 − e
−

N0

(
2
2R
W −1

)

Psσ2
s2 . (28)

For relay–destination links, we have

ρ1d,B = Pr

{
W

2
log

(
1 +

PrG1d

N0

)
< R

}
= 1 − e

−
N0

(
2
2R
W −1

)

Prσ2
1d

(29)

ρ2d,B = Pr

{
W

2
log

(
1 +

PrG2d

N0

)
< R

}
= 1 − e

−
N0

(
2
2R
W −1

)

Prσ2
2d .

(30)

It can be easily proved that P ∗
s,B and P ∗

r,B still satisfy the properties
in Proposition 1.

Since ρs1,B = ρ
(I)
s1,B and ρs2,B = ρ

(I)
s2,B , λ1,B(Ps,B , Pr,B) =

μ1,B(Pr,B) is equivalent to ρs1,B = ρ1d,B , i.e.,

Ps,B =
σ2
1d

σ2
s1 + σ2

1d

Pth. (31)

Meanwhile, according toλ2,B(P
′
s,B , P ′

r,B) = μ1,B(P ′
r,B), we have

P ′
s,B =

σ2
2d

σ2
s2 + σ2

2d

Pth. (32)

Therefore, P ∗
s,B can be expressed as

P ∗
s,B = min

{
σ2
1d

σ2
s1 + σ2

1d

Pth,
σ2
2d

σ2
s2 + σ2

2d

Pth

}
(33)

and P ∗
r,B = Pth − P ∗

s,B .

C. IRI Cancellation Based on CFNC

In our previous works [9], CFNC-based IRI cancellation technique
requires that the symbols sent by the source node are multiplied by
precoding factor θ1, whereas the symbols transmitted by relays are
multiplied by θ2. Precoding factors satisfy that |θ1| = |θ2| = 1 and
θ1xs + θ2xr �= θ1x

′
s + θ2x

′
r if (xs, xr) �= (x′

s, x
′
r), where xs and

xr are the symbols sent by the source node and one of the relays,
respectively. The design of precoding factors is given in [9] and will
not be detailed in this paper. Within those slots without IRI, the outage
probabilities are the same as those without precoding factors due to all
the modulated symbols only going through the same phase rotation.
Thus, ρs1,C , ρs2,C , ρ1d,C , and ρ2d,C are the same as those in (4),
(5), (9), and (10), respectively. If both the source and one of the relays
simultaneously transmit packet within the slot, the received signal at
the other relay i is expressed as

yi =

√
PsL

−α
si hsiθ1xs +

√
PrL

−α
12 h12θ2xr + ωi (34)

where ωi is the noise at relay i. Maximum-likelihood detection is
performed at relay i as

(xs, xr)

= arg min
xs,xr

∥∥∥∥yi−
(√

PsL
−α
si hsiθ1xs+

√
PrL

−α
12 h12θ2xr

)∥∥∥∥
2

.

(35)

Since it is difficult to calculate the outage probability of the source–
relay link, we utilize the upper bounds of ρ(I)s1,C and ρ

(I)
s2,C to obtain a

suboptimal solution. The upper bounds corresponds to the case that
outage event occurs unless both the packets from the source and the
other relay can be decoded. Since |θ1| = |θ2| = |xs| = |xr| = 1, we
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have
√

PsL
−α
si hsiθ1xs ∼ CN (0, Psσ

2
si) and

√
PrL

−α
12 h12θ2xr ∼

CN (0, Prσ
2
12). The two terms are independent of each other.

Thus, we have (
√
PsL

−α
si hsiθ1xs +

√
PrL

−α
12 h12θ2xr) ∼ CN

(0, Psσ
2
si + Prσ

2
12). This multiaccess channel can be equivalently

treated as a single channel. We let Psig.,i = (
√
PsL

−α
si hsiθ1xs +√

PrL
−α
12 h12 θ2xr)

∗ · (
√
PsL

−α
si hsiθ1xs +

√
PrL

−α
12 h12θ2xr),

where Psig.,i is the received signal power at relay Ri and Psig.,i ∼
exp(1/(Psσ

2
si + Prσ

2
12)). Then, the outage probability of the S−Ri

link ρ
(I)
si,C (i ∈ {1, 2}) is calculated by

ρ
(I)
si,C = Pr

{
W log

(
1+

Psig.,i

N0

)
<2R

}
= 1−e

−
N0

(
2
2R
W −1

)

Psσ2
si

+Prσ2
12 (36)

where the factor “2” before R stands for that the symbols from the
source and the other relay are jointly detected. Subsequently, the same
as the derivations in Section III-A, the optimal solution can be achieved
after two steps’ calculation based on Proposition 1. The first-order
approximation of the Taylor expansion can be utilized to obtain closed-
form expressions, which are similar to scenario A. The derivations will
not be detailed here, and the results are given in simulations.

D. Discussions

Before a two-path relay connection is established, we first determine
whether such cooperation can satisfy the stable throughput constraint
with λs at the source node. Only when λs < λ∗

s,k, the connection can
be established with IRI response k (k ∈ {A,B,C}). A larger stable
throughput region requires a complicated IRI cancellation technique.
For example, a CFNC-based scheme leads to the best system behavior
at the cost of the most complicated calculations. When IRI response k
is selected, then P ∗

s,k and P ∗
r,k indicate how to cooperate.

IV. SIMULATIONS

Through simulations, this section provides the achievable packet
rates with different IRI cancellation techniques under various scenar-
ios. According to the Third-Generation Partnership Project (3GPP)
evaluation guideline [16], some primary simulation parameters are
presented in Table I, where Lsd is the distance between the source
and the destination.

First, the relays are configured in the middle area between the source
and the destination (i.e., Lsi ≈ Lid). The distance between the two re-
lays is L12 = 100 m. The results are presented in Fig. 2. The notations
“A,” “B,” and “C” correspond to different IRI responses discussed in
Section III-A–C, respectively. For the scenario without the IRI can-
cellation strategy (A), the packet rate could hardly exceed 0.5 due
to severe IRI. For scenario B, owning to the orthogonality of the in-
phase and quadrature-phase components of the modulated symbols,
the achievable packet rate is larger than that of scenario A. However, it

Fig. 2. Achievable packet rates based on different IRI cancellation schemes.
L12 = 100 m.

Fig. 3. Achievable packet rates based on different IRI cancellation schemes
with various distance protection between relay nodes.

suffers from the loss of modulation degree. When CFNC is adopted to
deal with the IRI (C), the IRI is treated as part of the signal to jointly
decode the packets. Within the slots without IRI, the precoding factor
will not affect the detection of the source’s symbols. Thus, high packet
rates can be obtained.

In Fig. 3, we vary the distances between the two relays with L12 =
200 m/300 m. Within the increase of distance between relays, the
distances of source–relay and relay–destination links also increase,
leading to a slow growth of the maximal rate for scenario A. Mean-
while, for B, due to the loss of modulation degree, the symbol error
rate is high, even when the IRI is completely canceled and the packet
rates are still maintained at a small level. However, the CFNC-based
IRI response still significantly outperforms the other models.

Subsequently, we fix L12 = 200 m and change the distance of
source–relay and relay–destination links. In Fig. 4, “Case 1” denotes
the scenario that the relays are closer to the source node than the
destination. In “Case 2,” the relays are located near the destination.
It can be seen from Figs. 2 and 3 that, when the maximal packet rates
are achieved, the source always has larger transmit power than that of
relays. This is due to the fact that large transmit power of the source
is necessary to combat the IRI. In Fig. 4, for scenario A or C, when
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Fig. 4. Achievable packet rates with different locations of relays.

relays are close to the source, owing to short-distance transmissions,
it requires less power to be assigned to the source when achieving
the same S−Ri performance as those in previous simulations. As a
result, the maximal achievable packet rate of Case 1 is larger than
that of Case 2. For scenario B, its performance is only determined
by min{μsi, μid}. Thus, whether the relays are close to the source
or the destination will not affect the results. This figure provides
significant insights into relay selections, i.e., those relays that are close
to the source node have higher priority to be selected as cooperation
partners.

V. CONCLUSION

In this paper, we have proposed a cross-layer model for DF two-path
relay networks, introducing stable throughput analysis. Together with
the outage probabilities derived in the physical layer, the stable
throughput region was presented. Subsequently, we introduced a
power-allocation scheme to maximize the achievable packet rate at the
source node subjected to queue stabilities and power constraint. The
results play a significant role in determining whether cooperation can
satisfy the QoS requirement (data rate) and how to cooperate between
the source and relays (power allocation) with a certain IRI cancellation
technique. Three IRI responses were considered, and the simulation
results illustrated the system behavior under various scenarios.

APPENDIX

PROOF OF PROPOSITION 1

1) If P ∗
s,A + P ∗

r,A < Pth, there exists a positive real number α > 1
that satisfies αP ∗

s,A + αP ∗
r,A ≤ Pth. Thus, we have αP ∗

s,AGij/
N0 > P ∗

s,AGij/N0 and αP ∗
r,AGij/N0 > P ∗

r,AGij/N0. Mean-
while, (αP ∗

s Gij/αP
∗
r G12 +N0) > (P ∗

s Gij/P
∗
r G12 +N0).

As a result, the outage probability of each link decreases,
which means that the end-to-end throughput increases. λ∗

s,A

is no longer the optimal solution. Thus, P ∗
s,A + P ∗

r,A = Pth is
verified.

2) The data arrival rates and service rates are continuously dif-
ferentiable on (Ps, Pr), as are μi,A(P

∗
r,A)− λi,A(P

∗
s,A, P

∗
r,A).

If λ1,A(P
∗
s,A, P

∗
r,A) < μ1,A(P

∗
r,A) and λ2,A(P

∗
s,A, P

∗
r,A) <

μ2,A(P
∗
r,A), we can decrease P ∗

r,A as βP ∗
r,A. Then, the

service rates of relays decrease. Owing to continuous differen-
tiability, there exists a β close enough to 1 that can maintain
μ1,A(P

∗
r,A)− λ1,A(P

∗
s,A, P

∗
r,A) ≥ 0 and μ1,A(P

∗
r,A)−

λ1,A(P
∗
s,A, P

∗
r,A) ≥ 0. Meanwhile, due to the lower transmit

power of relays, lower IRI can be obtained. Thus, the service
rates of the source node also increase, leading to a larger
achievable packet arrival rate than λ∗

s,A, contradicting the
assumption. Thus, the second property is proved.
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