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Abstract 

In the slow Ralyleigh-fading scenario, this paper studies the outage performance of two-way 

relay channels (TWRC) in the low-SNR regime. We derive the outage probabilities for TWRC 

with amplify-and-forward (AF), decode-and-forward (DF) and bursty amplify-and-forward 

(BAF) at the low-SNRs. The numerical results show the outage probability of BAF outperforms 

that of AF, but still is worse than that of DF in the low-SNR region. On the other hand, we 

further analyze the performance limit of the achievable ∈-outage rates of TWRC with AF, DF 

and BAF in the low-SNR and low outage probability regime. 
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1. Introduction 

In the high-SNR regime, the main performance measure of the slow Rayleigh-fading channels is the 

SNR-asymptotic diversity-multiplexing tradeoff (DMT), which can be considered as an approximate 

curve of high-SNR outage probability. The high-SNR DMT for two-way relay channels (TWRC) has 

been sutided in [1] and [2]. For some practical communication systems operating at the finite-SNRs, 

the finite-SNR DMT evolved from the high-SNR DMT is used as a performance metric. The authors 

in [3]-[5] present the outage probability and finite-SNR DMT for TWRC in the finite-SNR regime. 

However, in the low-SNR region, the DMT can not describe the performance of fading channels. 

Instead, ∈-outage capacity introduced in [6] is main metric for outage performance in the low-SNR 

regime. 

In this paper, we focus on the outage performance of TWRC in the low-SNR regime. There are three 

reasons why we study the low-SNR regime. First, as shown in [7], the impact of diversity at low 

SNRs is much more significant than that at high-SNRs in the slow-fading channels. Second, some 

practical systems (e.g. CDMA) operate at the low-SNRs, also known as the wideband regime. Third, 

seen from the numerical results in Section Ⅲ, for TWRC with amplify-and-forward (AF) protocol, 

the lower bound of outage probability derived at the finite SNRs is loose in the low-SNR regime. 

The related work in the low-SNR regime for point-to-point MIMO and one-way relaying can be found 

in [7]-[10]. The landmark work in [7] shows the standard AF and decode-and-forward (DF) in one-

way relaying are suboptimal in the term of  ∈-outage capacity, and proposes the new bursty AF (BAF) 

protocol, which archives the optimal  ∈-outage capacity. Renk and Jäkel etc. derive the   ∈-outage 

capacity of one-way incremental relaying with DF protocol in [8] and BAF protocol in [9] at low-

SNR ratios. The authors in [10] show the diversity gain is redundant in the low-SNR regime and 

derive the outage probabilities of different MIMO fading channels at low-SNRs. 

In this paper, we study the outage performance of TWRC with standard AF, DF, and BAF protocols 

in the low-SNR regime. We first derive of the outage probabilities for TWRC with AF, DF and BAF 

at the low-SNRs. The numerical results show the outage probability of BAF is between that of AF 

and DF. Moreover, we derive the performance limit of ∈-outage capacity of TWRC with AF, DF and 

BAF in the low-SNR and low outage probability regime. 
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2. System Model 

As shown in Fig. 1, we consider a single-antenna TWRC, where two source nodes S1 and S2 

communicate with each other aided by the relay node R. We assume that every node has the same 

transmit power E and operates in a half-duplex mode. Moreover, the channel state information (CSI) 

is perfectly known only by receiver not transmitter due to the low-SNR constraint. The links between 

S1, S2 and R are reciprocal, i.e., the channel coefficients satisfy ℎ1𝑅 = ℎ𝑅1 = ℎ, 𝑓1𝑅 = 𝑓𝑅1 = 𝑓, where 

both ℎ  and 𝑓  are zero-mean complex Gaussian random variables following ℎ~𝐶𝑁(0, 𝛽ℎ)  and 

𝑓~𝐶𝑁(0, 𝛽𝑓), respectivly. As a result, the pre-defined X and Y are simplified as 𝑋 = |ℎ|2 and  𝑌 =

|𝑓|2 with Exponential distribution 𝑝𝑥(𝑋) =
1

𝛽ℎ
𝑒
−
𝑥

𝛽ℎ and 𝑝𝑦(𝑌) =
1

𝛽𝑓
𝑒
−
𝑥

𝛽𝑓. 

 

S1 S2R

h f

MAC phase: t BC phase: 1- t  
Fig. 1. System model of TWRC 

In this paper, we sutdy the two-phase TWRC with AF, DF, and BAF relay protocols. The transmission 

time of each round of inforamtion exhcange is normalized to one. In specific, in the first phase, also 

called mutiple-access (MAC) phase,  S1 and S2 is naturally ignored in the tow-phase scheme. 

Let R denote the targe sum-rate of TWRC and 𝛼 be a rate allocation parameter. Hence, the target rates 

of S1 and S2 are defined as 𝑅1 = 𝛼𝑅 and 𝑅2 = (1 − 𝛼)𝑅, respectively. The outage probability of 

TWRC is defined as the probability that the target rate pair (𝑅1, 𝑅2) lies outside the achivable rate 

region conditioned on ℎ and 𝑓. In this paper, the instantaneous channel capacity is in nats/s/Hz. 

3. Outage Probability 

3.1 Amplify-and-forward 

In this subsection, we consider a simple and popular AF TWRC with the fixed 𝑡 = 1/2. In the AF 

protocol, S1 and S2 simultaneously transmit to R in the MAC phase, and the signal received at R is 

𝑦𝑟 = ℎ√𝐸𝑥1 + 𝑓√𝐸𝑥2 + 𝑛𝑟, where 𝑛𝑟 is an additive white Gaussian noise with 𝑛𝑟~𝐶𝑁(0,1). Before 

sending the received superposed signal, the relay node R amplifies 𝑦𝑟  with an amplification 

coefficient 𝜌. Then the transmit signal at the relay node is denoted as 𝑥𝑟 = ρ𝑦𝑟 . To satisfy relay 

transmit power constraint, we have 

𝜌2|ℎ|2𝐸 + 𝜌2|𝑓|2𝐸 + 𝜌2 = 𝐸.                                                             (1) 

So the amplificaiton coefficient 𝜌 is yielded as 

𝜌2 =
𝐸

|ℎ|2𝐸+|𝑓|2𝐸+1
≈ 𝐸.                                                             (2) 

Where the approximate equation holds in the low-SNR regime 𝐸 ≪ 1. 

Consequently, the relay node broadcasts 𝒙𝒓 in the BC phase and signals received at S1 and S2 are  

𝑦1 = ℎ𝑥𝑟 + 𝑛1 and  𝑦2 = ℎ𝑥𝑟 + 𝑛2, respectively. After completerly removing the self-interference, 

the received signals becom to 𝑦̂1 = 𝜌ℎ𝑓√𝐸𝑥2 + 𝜌ℎ𝑛𝑟 + 𝑛1 and 𝑦̂2 = 𝜌ℎ𝑓√𝐸𝑥1 + 𝜌𝑓𝑛𝑟 + 𝑛2, here 

𝑛1  and 𝑛2  are the additive white Gaussian noise with distribution 𝐶𝑁(0,1) . As a result, the 

instantaneous SNRs at S1 and S2 are  

                                                𝛾1 =
|ℎ𝑓|2𝐸2

2|ℎ|2𝐸+|𝑓|2𝐸+1
≈ |ℎ𝑓|2𝐸2 = 𝑋𝑌𝐸2                            (3) 

𝛾2 =
|ℎ𝑓|2𝐸2

|ℎ|2𝐸+2|𝑓|2𝐸+1
≈ |ℎ𝑓|2𝐸2 = 𝑋𝑌𝐸2                                           (4) 
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where the approximate equations also hold due to 𝐸 ≪ 1. It is interesting that the instantaneous SNRs 

at S1 and S2 are the same in the low-SNR regime. Then the achievable rate pair (𝑅1, 𝑅2) can be 

expressed as 

𝑅1 = 𝛼𝑅 ≤ 𝐼1 =
1

2
ln⁡(1 + 𝛾1),                                                 (5) 

𝑅2 = (1 − 𝛼)𝑅 ≤ 𝐼2 =
1

2
ln⁡(1 + 𝛾2).                                                 (6) 

Theorem 1: The outage probability of TWRC two-phase AF scheme is as 

𝑃𝑂
𝐴𝐹 = 1 − 2√

𝑎

𝛽ℎ𝛽𝑓
𝐾1 (2√

𝑎

𝛽ℎ𝛽𝑓
),                                               (7) 

where 𝑎 =
2𝛼𝑅

𝐸2
 with 𝛼 ≥ 1/2, and K1(∙) is the first order modified Bessel function of the second kind. 

Proof: Based on (3)~(6), the outage probability at the low-SNRs is given by 

                                              ⁡𝑃𝑂
𝐴𝐹 = 𝑃(𝐼1 < 𝑅1⁡𝑜𝑟⁡𝐼2 < 𝑅2⁡) 

                                                       = 𝑃 (
1

2
ln(1 + 𝑋𝑌𝐸2) < 𝛼𝑅⁡or⁡

1

2
ln(1 + 𝑋𝑌𝐸2) < (1 − 𝛼)𝑅) 

                                                       = 𝑃 (
1

2
ln(1 + 𝑋𝑌𝐸)) < 𝛼𝑅    ——(a) 

                                                       = 𝑃 (
1

2
𝑋𝑌𝐸2 < 𝛼𝑅)                ——(b) 

                                                       = 𝑃 (𝑋𝑌 <
2𝛼𝑅

𝐸2
≜ 𝑎) 

                                                       = 1 − 2√
𝑎

𝛽ℎ𝛽𝑓
𝐾1 (2√

𝑎

𝛽ℎ𝛽𝑓
).   ——(c)                                 (8) 

(a) follows from the assumption that 𝛼 ≥ 1/2, which is fair for two equivalent source nodes in TWRC. 

(b) follows from ln⁡(1 + 𝑥) ≈ 𝑥 for 𝑥 ≪ 1. (c) follows from ∫ 𝑒−
𝜔

4𝑥
−𝜃𝑥𝑑𝑥 = √

𝜔

𝜃

∞

0
𝐾1(√𝜔𝜃) [11]. 

3.2 Decode-and-forward 

In DF protocol, the relay attempts to jointly decode the two signals. After applying ideal random 

binning, the relay then transmits thecombined signals to the destinations. Then, the instantanous 

SNRs of the links from S1 to R and from S2 to R can be denoted as 𝛾1𝑅 = 𝐸|ℎ|
2 = 𝐸𝑋 and 𝛾2𝑅 =

𝐸|𝑓|2 = 𝐸𝑌, respectivley. The instantaneous total received SNR at R is 𝛾𝑚𝑎𝑐 = 𝐸|ℎ|
2 + 𝐸|𝑓|2 =

𝐸𝑋 + 𝐸𝑌. In the BC phase, we denote the instantaneous SNRs at S1 and S2 as  𝛾𝑅1 = 𝐸|ℎ|
2 = 𝐸𝑋 

and 𝛾𝑅2 = 𝐸|𝑓|
2 = 𝐸𝑌, respectively. Then, the achievable rate pair (𝑅1, 𝑅2) of the two sources needs 

to satisfy 

𝑅1 ≤ min(𝐼1𝑅 ≜ 𝑡ln(1 + 𝛾1𝑅), 𝐼𝑅2 ≜ (1 − 𝑡)ln(1 + 𝛾𝑅2))                             (9) 

𝑅2 ≤ min(𝐼2𝑅 ≜ 𝑡ln(1 + 𝛾2𝑅), 𝐼𝑅1 ≜ (1 − 𝑡)ln(1 + 𝛾𝑅1))                          (10) 

𝑅 ≤ 𝐼2𝑅 ≜ 𝑡ln(1 + 𝛾𝑚𝑎𝑐).                                                     (11) 

   Theorem 2: The outage probability of TWRC two-phase DF scheme is as 

 

PO
DF =

{
 
 

 
 1 − e

(−
b

βh
−−

c

βf
)
R

E⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡b + c ≥ d

1 −
βh

βh−βf
e
(−

a

βf
—
d−c

βh
)
R

E +
βf

βh−βf
e
(−

b

βh
—
d−c

βf
)
R

E⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡b + c < 𝑑, βh ≠ βf

1 − e
−
dR

βhE −
e
−
dR
βhE(d−c−b)R

βhE
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡b + c < 𝑑, βh = βf

         (12) 

Where 𝑏 ≜ max {
𝛼

𝑡
,
1−𝛼

1−𝑡
}, 𝑐 ≜ max {

1−𝛼

𝑡
,
𝛼

1−𝑡
}, and 𝑑 ≜ 1/𝑡. 
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   Proof: Based on (9)~(11), the outage probability of DF in the low-SNR regime is  

𝑃𝑂
𝐷𝐹 = 𝑃(𝑡⁡ln(1 + 𝑋𝐸) < 𝛼𝑅⁡or⁡𝑡⁡ln(1 + 𝑌𝐸) < (1 − 𝛼)𝑅⁡or(1 − 𝑡) ln(1 + 𝑌𝐸) < 𝛼𝑅 

                           or(1 − 𝑡) ln(1 + 𝑋𝐸) < (1 − 𝛼)𝑅⁡or⁡𝑡 ln(1 + 𝑋𝐸 + 𝑌𝐸) < 𝑅) 

                    = 𝑃(𝑡⁡𝑋𝐸 < 𝛼𝑅⁡or⁡𝑡𝑌𝐸 < (1 − 𝛼)𝑅⁡⁡or⁡(1 − 𝑡)𝑌𝐸 < 𝛼𝑅 

                            or⁡(1 − 𝑡)𝑋𝐸 < (1 − 𝛼)𝑅⁡⁡or⁡𝑡(𝑥 + 𝑌)𝐸 < 𝑅)                                            (13) 

The second eqution follows from ln⁡(1 + 𝑥) ≈ 𝑥  for 𝑥 ≪ 1 . Then, by some basic probability 

computations, we can obtain the outage probability as in above theorem. 

3.3 Bursty Amplify-and-Forward 

Since the relay node amplifies the noise in standard AF, the outage performance is limited in low-

SNR region. To overcome this weakness, [7] proposed a bursty version of AF, named as bursty 

amplify-and-forward (BAF) and verified BAF in TWRC and try to anlysis the outage probability and 

the achievable ∈-outage rate. In BAF, the two source nodes and the relay node transmit in only a 

fraction of the time τ with high power 
E

τ
, and the remain silent for the rest of the time. Thus the relay 

node transmit power constraint is as 

𝜌2|ℎ|2
𝐸

𝜏
+ 𝜌2|𝑓|2

𝐸

𝜏
+ 𝜌2 =

𝐸

𝜏
,                                                     (14) 

Thus, the instantaneous SNRs at S1 and S2  are 

𝛾1
𝐵𝐴𝐹 =

|ℎ𝑓|2(
𝐸

𝜏
)
2

2|ℎ|2
𝐸

𝜏
+|𝑓|2

𝐸

𝜏
+1
, ⁡⁡⁡⁡𝛾2

𝐵𝐴𝐹 =
|ℎ𝑓|2(

𝐸

𝜏
)
2

|ℎ|2
𝐸

𝜏
+2|𝑓|2

𝐸

𝜏
+1

                                      (15) 

Theorem 3: The outage probability of TWRC two-phase BAF scheme is as 

𝑃𝑂
𝐵𝐴𝐹 = max(1 − 𝑒

(−
1

𝛽ℎ
−
2

𝛽𝑓
)𝑎1
, 1 − 𝑒

(−
2

𝛽ℎ
−
1

𝛽𝑓
)𝑏1
),                                (16) 

Where 𝑎1 ≜ (𝑒
2𝛼𝑅

𝜏 − 1)
𝜏

𝐸
, 𝑏1 ≜ (𝑒

2(1−𝛼)𝑅

𝜏 − 1)
𝜏

𝐸
. 

Proof: Based on (15), the outage probability at the low-SNRs is given by 

𝑃𝑂
𝐵𝐴𝐹 = 𝑃 (

𝜏

2
ln (1 +

|ℎ𝑓|2(
𝐸

𝜏
)
2

2|ℎ|2
𝐸

𝜏
+|𝑓|2

𝐸

𝜏
+1
) < 𝛼𝑅⁡or⁡

𝜏

2
ln (1 +

|ℎ𝑓|2(
𝐸

𝜏
)
2

2|ℎ|2
𝐸

𝜏
+|𝑓|2

𝐸

𝜏
+1
) < (1 − 𝛼)𝑅⁡⁡)     

         = 𝑃 (
|ℎ𝑓|2(

𝐸

𝜏
)
2

2|ℎ|2
𝐸

𝜏
+|𝑓|2

𝐸

𝜏
+1
< (𝑒

2𝛼𝑅

𝜏 − 1)
𝜏

𝐸
≜ 𝑎1⁡or⁡

|ℎ𝑓|2(
𝐸

𝜏
)
2

2|ℎ|2
𝐸

𝜏
+|𝑓|2

𝐸

𝜏
+1
< (𝑒

2(1−𝛼)𝑅

𝜏 − 1)⁡
𝜏

𝐸
≜ 𝑏1⁡)  (17) 

Since the outage event of BAF is an union event of two outage events of two directional flow, we 

first derive the two outage probability 𝑃1
𝐵𝐴𝐹 and 𝑃2

𝐵𝐴𝐹 as 

                        

  ⁡𝑃1
𝐵𝐴𝐹 = 𝑃 (

|ℎ𝑓|2

2|ℎ|2+|𝑓|2+
𝜏

𝐸

< 𝑎1) 

         = 𝑃 (
|ℎ𝑓|2

2|ℎ|2+|𝑓|2
< 𝑎1)                               ——(a) 

                                   ≥ P1lb
BAF=⁡𝑃 (

1

2
min(2|h|2, |f|2) < a1)      ——(b) 

                                   =1-𝑒
(−

1

𝛽ℎ
−
2

𝛽𝑓
)𝑎1

                                                                         (18) 

where the subscript ‘lb‘ represents the lower bound, (a) follows the suitable fashion τ to satisfy 
τ

E
→

0 as in [7]. (b) follows from the Harmonic inequality 
𝑥𝑦

𝑥+𝑦
< min⁡(𝑥, 𝑦). 

In the similar way, we can get the lower-bound of 𝑃2
𝐵𝐴𝐹 as follows 
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𝑃2
𝐵𝐴𝐹 ≥ 𝑃2𝑏

𝐵𝐴𝐹 = 1 − 𝑒
(−

2

𝛽ℎ
−
1

𝛽𝑓
)
𝑏1                                                    (19) 

The derivation of outage probability of BAF is not avalible, so we get a simple low bound as the 

maximum of outage probaiblities of the two union events. 

𝑃𝑂𝑙𝑏
𝐵𝐴𝐹 = max⁡(𝑃1𝑙𝑏

𝐵𝐴𝐹 , 𝑃2𝑙𝑏
𝐵𝐴𝐹)                                                            (20) 

3.4 Numerical Results 

This subsection presents numerical results to valid the outage probabilities in the low-SNR regime in 

above Theorem 1 and 2. For conciseness, the relay lies between  S1 and S2. The distance between S1 

and S2 is fixed at 1. Let D and 1-D denote the distances from S1 to R and from S2 to R, respecitvley. 

We apply the path loss model suitable to urban areas, i.e.,⁡βh and  βf  can be expressed as: βh = D
−4 

and   βf = (1 − D)
−4.             

It is obviously seen from Fig. (2), the lower bound of finite-SNR outage probability in [5] is tight 

when SNR≥ −10 dB, but loose in the  SNR≤ −10 dB region due to ignoring of the constant 1 in the 

denominator of SNRs. Oppositely, the closed-form of outage probability in Theorem 1 is tight in the 

SNR< −10 dB regime but loose when SNR≥ −10 dB because of the ignoring the effection of E  in 

the denominator of SNRs. So the complete outage performance  would combine the outage 

probability in low-SNR regime and finite-SNRs. Moreover, another point worth noting in Fig. (2) is 

that the outage probability of BAF is better than that of AF due to two source nodes and the relay 

node apply bursty plus transmit to reduce the noise interferece. However, DF still outperforms BAF 

in term of outage probability.       

 
Fig. 2 Outage probability of TWRC AF, BAF and DF Protocols in the SNR regime. 

4. 𝛜-Outage Capacity    

ϵ -outage capacity is an important metric in the low-SNR regime, which is defined as [6] 

𝐶∈ ≜ sup𝑅:𝑃𝑜𝑢𝑡(𝑅,𝑆𝑁𝑅)≤∈⁡𝑅                                                       (21) 

for a given, 0 ≤ ϵ ≤ 1 . This is the largest rate of transmission R such  that the outage probability 

Pout(R)   is less than ϵ. In this section, we focus on the low SNR and low outage probability regime, 

where the adverse impact of fading is much more significate but is the potential gain for the relaying. 

Based on the outgae probability results of the previous section, we can now analyze the limit 

behaviour of achivable ϵ -outage rate for TWRC AF, DF and BAF protocols.  

4.1 Amplify-and-forward 

Theorem 4: For the achievable  ϵ -outage rate of TWRC two-phase AF scheme, we have 

lim𝜖→0,𝐸→0
𝑅𝜖
𝐴𝐹

𝜖𝐸2
=

ℎ𝑓

2𝛼
                                                        (22) 

Proof:  From (8), we know  

𝑃𝑂
𝐴𝐹(𝑅) = 𝑃 (𝑋𝑌 <

2𝛼𝑅

𝐸2
) ≥ 𝑃 (𝑋 <

√2𝛼𝑅

𝐸
)𝑃 (𝑌 <

√2𝛼𝑅

𝐸
)                        (23) 
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Since ϵ → 0  implies that 
R

E
→ 0, we have the following expression 

    lim𝜖→0,𝐸→0
𝑃𝑂
𝐴𝐹

(
𝑅

𝐸
)
2 ≥ lim

𝐸→0,
𝑅

𝐸
→0

(1−𝑒
−
√2𝛼𝑅
ℎ𝐸 )(1−𝑒

−
√2𝛼𝑅
𝑓𝐸 )

(
𝑅

𝐸
)
2                             (24) 

Thus, for the achievable  ϵ -outage rate of TWRC AF protocol as (22). 

This theorem shows that at low-SNRs and for small outage probability, the ahievable  ϵ -outage rate 

fo the TWRC AF protocol is  

𝑅𝜖
𝐴𝐹 ≈

ℎ𝑓

2𝛼
𝜖𝐸2.                                                                (25) 

The first thing to note is the ϵ -outage rate is optimal with the fair rate allocation coefficient α = 1/2 

whatever the channel conditions, outage probability and SNR, because the two source nodes are 

equality in the TWRC. It is interesing to note that in the low SNR and low outage probability region, 

the achievable rate is proportional to ϵ and square of SNR. 

4.2 Decode-and-forward 

Theorem 5: For the achievable ϵ -outage rate of TWRC two-phase DF scheme, we have 

lim𝜖→0,𝐸→0
𝑅𝜖
𝐷𝐹

𝜖𝐸
=

ℎ𝑓

𝑏𝑓+𝑐ℎ
                                                            (26) 

Proof: For convenient analysis, we rewrite the outage probability of TWRC DF based on (15) as 

following 

𝑃𝑂
𝐷𝐹(𝑅) = 𝑃 (𝑋 < 𝑏

𝑅

𝐸
) + 𝑃 (𝑋 > 𝑏

𝑅

𝐸
) 𝑃 (𝑌 < 𝑐

𝑅

𝐸
) + 𝑃 (𝑋 > 𝑏

𝑅

𝐸
)𝑃 (𝑌 < 𝑐

𝑅

𝐸
)𝑃 (𝑋 + 𝑌 < 𝑑

𝑅

𝐸
)  

             = 1 − 𝑒−
𝑏

ℎ

𝑅

𝐸 + 𝑒−
𝑏

ℎ

𝑅

𝐸 (1 − 𝑒
−
𝑐

𝑓

𝑅

𝐸) + 𝑒−
𝑏

ℎ

𝑅

𝐸𝑒
−
𝑐

𝑓

𝑅

𝐸 (𝑃 (𝑋 + 𝑌 < 𝑑
𝑅

𝐸
))                          (27) 

As 𝜖 → 0,
𝑅

𝐸
→ 0. Furthermore, lim𝑅

𝐸
→0

𝑃(𝑋+𝑌<𝑑
𝑅

𝐸
)

𝑅

𝐸

= 0. We can get  

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡lim𝜖→0,𝐸→0
𝑃𝑂
𝐷𝐹

𝑅

𝐸

= lim
𝐸→0,

𝑅

𝐸
→0

1−𝑒
−
𝑏
ℎ
𝑅
𝐸

𝑅

𝐸

+ 𝑒−
𝑏

ℎ

𝑅

𝐸
1−𝑒

−
𝑐
𝑓
𝑅
𝐸

𝑅

𝐸

+𝑒−
𝑏

ℎ

𝑅

𝐸𝑒
−
𝑐

𝑓

𝑅

𝐸
𝑃(𝑋+𝑌<𝑑

𝑅

𝐸
)

𝑅

𝐸

 

      =
𝑏

ℎ
+

𝑐

𝑓
                                                                                      (28) 

So, for the achievable 𝛜-outage rate of TWRC two-phase DF scheme as (26). 

This result shows that the achievable 𝛜-outage rate in the low SNR and low outage proability regime 

is  

𝑅𝜖
𝐷𝐹 ≈

ℎ𝑓

𝑏𝑓+𝑐ℎ
𝜖𝐸                                                            (29) 

Note that the achievable 𝛜-outage rate of TWRC DF protocol is proportional to 𝛜 and SNR. This SNR 

is more significate for AF than DF protocol. 

4.3 Bursty Amplify-and-forward 

Theorem 6: For the achievable 𝛜-outage rage of TWRC two-phase BAF scheme, we have  

lim𝜖→0,𝐸→0,𝜏→0
𝑅𝜖
𝐴𝐹

𝜖𝐸
=

ℎ𝑓

2𝛼(ℎ+2𝑓)
, 𝑜𝑟⁡

ℎ𝑓

2(1−𝛼)(2ℎ+𝑓)
⁡ .                                   (30) 

Proof: From (20), we know 

lim𝑃𝑂𝑙𝑏
𝐵𝐴𝐹 = max(lim𝑃1𝑙𝑏

𝐵𝐴𝐹 , lim𝑃2𝑙𝑏
𝐵𝐴𝐹)  .                                          (31) 
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Since we focus on 𝜖 → 0, we choose a available fashion τ = √RE as in [7]. So (𝑒
2𝛼𝑅

𝜏 − 1)
𝜏

𝐸
≥

2𝛼𝑅

𝐸
,⁡
2𝛼𝑅

𝐸
→ 0. Thus, by applying Lema (1.2) in [7] with 𝛿 ≜

𝜏

𝐸
, 𝑔1(𝛿) = (𝑒

2𝛼𝑅

𝜏 − 1)
𝜏

𝐸
, we have the 

following expression 

lim
𝐸→0,

𝑅

𝐸
→0,𝜏→0

𝑃1𝑙𝑏
𝐵𝐴𝐹

2𝛼𝑅

𝐸

=
ℎ+2𝑓

ℎ𝑓
 .                                                   (32) 

In the similar way with 𝑔2(𝛿) = (𝑒
2(1−𝛼𝑅)

𝜏 − 1)
𝜏

𝐸
. 

lim
𝐸→0,

𝑅

𝐸
→0,𝜏→0

𝑃2𝑙𝑏
𝐵𝐴𝐹

𝑔2(𝛿)
= lim

𝐸→0,
𝑅

𝐸
→0,𝜏→0

𝑃2𝑙𝑏
𝐵𝐴𝐹

2(1−𝛼)𝑅

𝐸

=
2ℎ+𝑓

ℎ𝑓
 .                          (33) 

This theorem shows that at low-SNRs and for small outage probability, the achievable 𝛜-outage rate 

of TWRC BAF protocol 

𝑅𝜖
𝐵𝐴𝐹 =

ℎ𝑓

ℎ+2𝑓

𝜖𝐸

2𝛼
  or 

ℎ𝑓

2ℎ+𝑓

𝜖𝐸

2(1−𝛼)
 .                                          (34) 

5. Conclusion 

In this paper, we study the outage performance of TWRC in the low-SNR regime in the slow 

Rayleigh-fading scenario. First, we derive the closed-forms of the outage probabilities for TWRC 

with AF, DF and BAF at the low-SNRs. The numerical results valid the outage performance of BAF 

is better than that of AF, but is worse than that of DF. Finally, we analyze the performance limit of 

the achievable 𝛜-outage rates of TWRC with AF, DF and BAF in the low-SNR and low outage 

probability regime. 
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