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ABSTRACT In this study, a cooperative communication system that employs multiple decode-and-forward
relay nodes (RNs), in which the associated/active RNs perform phase rotation of the regenerated signals
before retransmitting them to a destination node (DN), is examined. In the first phase, i.e., communication
from a source node to RNs, a received signal-to-noise ratio (SNR) threshold-based RN association method
is proposed. The optimal SNR thresholds are designed to maximize the bit-error-rate (BER) performance
at the DN under various communication environments, such as modulation types and channel code rates.
Furthermore, the number of phase rotations (PRs) in a frame is examined. Intensive numerical results show
that more PRs in a frame provide better BER performance at the DN, irrespective of the communication
environments. This study provides a valuable guideline for designing practical cooperative networks with
multiple decode-and-forward RNs with PRs.

INDEX TERMS Cooperative communications, decode-and-forward relays, phase rotation, frame structure
design.

I. INTRODUCTION
For the last few decades, to improve the performance of wire-
less communication between a source node (SN) and desti-
nation node (DN), cooperative communications that employ
a relay node (RN) have been extensively studied [1], [2], [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. The applications of RN have recently extended from
the traditional terrestrial nodes to the non-terrestrial nodes,
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such as the unmanned aerial vehicles [29] and satellites [30].
Various types of relaying protocols and relays exist.

According to the duplex methods, RNs can be classified
as full-duplex and half-duplex. A full-duplex RN simultane-
ously retransmits and receives signals, whereas a half-duplex
RN receives and transmits signals at different times. Because
the full-duplex RN receives and transmits signals using the
shared time and channel, it can provide higher spectral effi-
ciency; however, the enormous gap between the retransmitted
and received signals causes a critical issue, namely, severe
self-interference in the full-duplex RN. To resolve this issue,
many self-interference-mitigation methods have been stud-
ied [21], [25], [26], [31], [32]. By contrast, because there is no
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self-interference between retransmitted and received signals
at the half-duplex RN, it can be readily implemented and has
been actively studied [1], [13], [16], [18], [19], [20], [24],
[22], [27], [28].

Moreover, according to the retransmission methods,
amplify-and-forward (A&F) and decode-and-forward (D&F)
are two representative types of relays. An A&F RN ampli-
fies and forwards (retransmits) the received signals, whereas
a D&F RN decodes and encodes the message from the
received signals (i.e., regeneration) and forwards the regen-
erated signals [33]. Because the A&F RN merely retransmits
the received signals from the SN to DN, the additive white
Gaussian noise (AWGN) at the RN is also retransmitted to
the DN. Therefore, many studies on A&F RN have focused
on enhancing the intended signal strength in the second-hop
channels [18], [21], [23], [24], [25], [26], [27]. However,
second-hop channel state information (CSI) is required at the
RN, which would burden the cooperative networks. By con-
trast, the D&F RN requires more computational capability
and consumes relatively more power compared to the A&F
RN, and the incorrectly decoded message signals interfere
with the message recovery at the DN [13], [15], [16], [19],
[22]. To reduce the decoding complexity at the D&F RN,
a preprocessing-and-forward (PF)-type RN that detects the
message symbols and processes them at the symbol level
before the retransmission with less computational complex-
ity has been proposed [20], [28]. Considering the mas-
sive distribution of battery-operated sensor RNs, the heavy
computation for decoding and preprocessing may shrink the
cooperative network size owing to the limited energy capa-
bility of the energy-hungry sensor RNs. Therefore, to extract
the benefit of the RNs, two main issues should be carefully
considered: i) the low-computational complexity of the D&F
RN and ii) determining whether the D&F RN retransmits
(decodes and forwards).

To resolve the main issues of a half-duplex D&F RN,
a random phase rotation (PR), also known as phase dithering,
scheme was proposed [34]. PR schemes can improve the
diversity gain of multiple channels [15], [35], [36], [37], [38],
[39]. In [36], the PR was applied to the multiple subcarriers
of an orthogonal frequency-division multiple access system
using an A&F relay. Here, the PR was amalgamated with
the subcarrier permutation, and a novel signaling scheme that
can eliminate the signaling overhead of the permutation was
proposed. The PR was designed for the permutated subcarri-
ers with no CSI, yet the subcarrier permutation requires the
second-hop CSI at the relay node. On the other hand, instead
of multiple subcarriers, multiple channels of multiple D&F
RNs were used to extract the benefit of PR without any CSI
of the second-hop channels. Concretely, the multiple RNs
rotate the random phase of the regenerated signals before
the retransmission [34], [35], [37], [38]. Consequently, the
effective second-hop channel, which is the sum of the rotated
second-hop channels, varies. Because multiple D&F RNs
rotate the independent phase of their regenerated signals, the
effective channel gain could achieve a spatial diversity gain at

the DN. As no overhead for the second-hop CSI is required,
the PR can be readily implemented at the D&F RNs. How-
ever, performing PR and retransmission is still challenging
for RNs because the system does not know which RNs suc-
cessfully decode and can join the retransmission [34], [35].
To resolve the abovementioned issue, an error-correcting
code, i.e., cyclic redundancy check (CRC), was employed by
the RNs. However, the CRC requires additional computation
over the decoding computation.Moreover, the frequencywith
which the PRs need to be performed is unclear.

In this study, we answer two questions on the phase-rotated
D&F RN strategy: i) which RNs perform retransmission?
and ii) how many PRs are required? A low-computational-
complexity signal-to-noise ratio (SNR) threshold-based RN
activation policy is proposed to answer the first question. The
proposed SNR threshold-based policy activates RNs whose
received SNR in the first phase is greater than the threshold.
By designing a proper SNR threshold, cooperation gain can
be achieved. To answer the second question, the bit error
rate (BER) is evaluated under various environments, and the
observation of the number of PRs is provided; it is verified
that the more the number of rotations provided, the better
is the BER performance. This study would be a valuable
guideline for designing cooperative networks with multiple
half-duplex D&F RNs with PRs. The contributions of this
study are summarized as follows:

• An SNR-based RN activation method is proposed and
examined for cooperative communication systems with
a PR scheme.

• A trade-off is shown to exist between interference and
path loss while designing the SNR threshold to activate
RNs.

• The guideline to design an SNR threshold for RN acti-
vation is provided.

• A trade-off is shown to exist between diversity gain and
CSI estimation accuracy while designing the optimal
number of PRs.

• A guideline to design the optimal number of PRs is
provided.

• Intensive numerical results are provided to design two
critical parameters in the cooperative communication
systems:
SNR threshold for RN activation should be carefully
designed according to the modulation size, channel code
rate, and number of PRs in a frame.
PR number within a frame should be identical to the
number of pilot symbols in the frame to improve BER
performance.

The remainder of this paper is organized as follows.
Section II describes the cooperative communication system
model, including the frame structure and signal models. The
proposed RN association method using an SNR threshold and
the message detection and retransmission are presented in
Section III. In Section IV, the design of two critical param-
eters, namely, the SNR threshold for RN activation and the
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FIGURE 1. Cooperative network model with K half-duplex
decode-and-forward (D&F) relay nodes (RNs) for communication between
one source node (SN) and one destination node (DN). Here, K RNs are
active for the retransmission. In this example, K = 9 and K = 4.

number of PRs at RNs is described. Further, the BER per-
formance of the proposed system is evaluated and compared
with the benchmarking schemes under various communica-
tion environments in Section V. Finally, Section VI provides
the conclusion.
Notations: The notation |x| denotes the absolute value of

x. x ∼ U(a, b) means that a real-valued random variable x
conforms to a uniform distribution between a and b; x ∼

CN (0, σ 2) means that a complex random variable x conforms
to a complex normal distribution with a zero mean and vari-
ance σ 2. E[x] represents the mean of the random variable x.

II. SYSTEM AND SIGNAL MODELS
A. COOPERATIVE COMMUNICATION SYSTEM MODEL
In this study, the cooperative network illustrated in Fig. 1
was examined. One SN is located at (0, 0) m, and a DN
is located at (A,A) m in the Cartesian coordinate system.
The SN transmits a single-stream message/information sym-
bol to the DN through all or part of K RNs. Here, each
node, namely, SN, RN, and DN, is assumed to have a single
antenna. Moreover, the RNs are assumed to be half-duplex
D&F relays and uniformly located at (x, y) m, where x, y ∼

U(A,A). In the first phase, an SN transmits the sequence of
the message symbols through the first-hop channels. Among
K RNs,K RNswhose received SNR is greater than or equal to
a certain predetermined threshold, η, decode and regenerate
the message symbols, where K ≤ K . In the second phase,
theK active RNs retransmit the regeneratedmessage symbols
to the DN through the second-hop channels. Hereinafter, the
RNs involved in the retransmission in the second phase are
referred to as active RN. The critical parameter definitions
for the system model are summarized in Table 1.

B. FRAME STRUCTURE AND CHANNELS
The SN transmits T frames, each of which comprises (S+ 1)
slots as illustrated in Fig. 2. The first slot, i.e., slot 0, includes

TABLE 1. Key parameter definitions of the considered system (alphabetic
order).

FIGURE 2. Illustration of the tth frame that comprises one pilot and S
message slots.

Q pilot symbols, followed by S message slots, namely, slots
1–S. Each message slot includes N

S symbols and is prepro-
cessed before the transmission, i.e., PR. For notation simplic-
ity, N is assumed to be a multiple of S. The slot-by-slot PR
method will be introduced later.

The first-hop channel coefficient of frame t between the
SN and RN k is modeled as a Rayleigh fading channel and
denoted by g(k,t) as follows:

g(k,t) =
√

ξS,k ḡ(k,t), k ∈ K, t ∈ T , (1)

where K = {1, . . . ,K } and T = {1, . . . ,T } are the sets of
RN and block indices, respectively, ξS,k is a large-scale fading
between the SN and RN k , and ḡ(t,k) ∼ CN (0, 1). Here, fc
is the carrier frequency. Similarly, the second-hop channel
coefficient between the RN k and DN is also modeled as a
Rayleigh fading channel and denoted by h(k,t) as follows:

h(k,t) =
√

ξk,Dh̄(k,t), k ∈ K, t ∈ T , (2)
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where ξk,D is a large-scale fading between the RN k and DN,
and h̄(t,k) ∼ CN (0, 1).

The channel coefficients g(k,t) and h(k,t) are static within a
frame and vary independently of different frames, i.e., a block
fading channel. Here, the frame size T is the same as the size
of block channel coding.

C. SIGNAL MODELS
To avoid clutter, henceforth, the block index t is omitted as
the signal processing for one block is independent of others.

The nth symbol of the sth slot is denoted by x(s,n), where,
without loss of generality, E

[
|x(s,n)|2

]
= 1, s ∈ S =

{0, . . . , S}. Here, the 0th slot comprises the pilot symbols,
denoted by p(s,n), and n ∈ {1, . . . ,Q}; Further, slot s, where
s ≥ 1, consists of NS message symbols, denoted by d(s,n), i.e.,

x(s,n) =

p(0,n), s = 0 and n ∈ {1, . . . ,Q},

d(s,n), s ∈ {1, . . . , S} and n ∈

{
1, . . . ,

N
S

}
,
(3)

where, without loss of generality, it is assumed that p(0,n) =

1, ∀n ∈ {1, . . . ,Q}. Thus, the transmitted signals from SN
are as follows:

Q pilots︷ ︸︸ ︷
1 · · · 1︸ ︷︷ ︸
slot 0: pilots

Nmessage symbols︷ ︸︸ ︷
x(1,1) · · · x(

1,NS

)︸ ︷︷ ︸
slot 1: NS message symbols

· · · x(S,1) · · · x(
S,NS

)︸ ︷︷ ︸
slot S: NS message symbols

.

(4)

By denoting the received signal of the nth symbol in slot
s at RN k as r(k,s,n), the received pilot signals at RN k in the
first phase are then written as follows:

r(k,s,n) =

√
PSNg(k)x(s,n) + z(k,s,n), (5)

where PSN is the transmit power of SN and z(k,s,n) ∼

CN (0, σ 2) is an AWGN at RN k .
In the second phase, the received signals of the nth symbol

in slot s at DN are modeled as follows:

y(s,n) =

∑
k∈K

√
PRNh(k)x̄(k,s,n) + v(s,n), (6)

where K ⊆ K is an index set of RNs that retransmit in the
second phase, PRN is the transmit power of RN, x̄(k,s,n) is the
regenerated message signal of x(s,n) at RN k , and v(s,n) ∼

CN (0, σ 2) is an AWGN at DN. The retransmitted signal
x̄(k,s,n) in (6) is constructed at RN k as follows:

x̄(k,s,n) =

p
′

(0,n), s = 0 and n ∈ {1, . . . ,Q},

d̄(k,s,n), s ∈ {1, . . . , S} and n ∈

{
1, . . . ,

N
S

}
,

(7)

where p′

(0,n) is the pilot sequence and d̄(k,s,n) denotes the
decoded information bits of d(s,n) at RN k . Here, p′

(0,n) is
different from that in the first phase in (3) and (4), whereas
it is common for all RNs in the second phase, whose design
will be described in Section III-B.

III. PROPOSED RN ASSOCIATION AND PHASE ROTATION
This section proposes an RN association method in the first
phase, and introduces a random PR for the retransmission.

A. PHASE 1: RELAY NODE ASSOCIATION AND
DATA DETECTION
In this subsection, an SNR threshold-based RN association
method is proposed. If the message symbols are incorrectly
regenerated at RN k , i.e., x̄(k,s,n) ̸= x(s,n) (or equivalently,
d̄k,s,n ̸= ds,n) in (6), the RNs should not retransmit the
incorrect message to SN. Otherwise, the incorrect mes-
sages interfere with SN in decoding the original messages.
To circumvent the incorrect message retransmission, an error-
detecting code, e.g., CRC, can be employed by the RNs [35],
which prevents the RNs from retransmitting the regener-
ated symbols if non-negligible errors are detected after the
CRC. Accordingly, the fidelity of the second communication
phase can be improved. However, the CRC may increase
the computational complexity and energy consumption at the
energy-hungry RNs and shrink the cooperation of the net-
works, as stated in Section I. Therefore, a low-computational-
complexity strategy based on a received SNR threshold is
proposed to resolve this issue.

The SNR threshold-based RN activation strategy is intu-
itive and straightforward because it does not require any
additional information to determine whether the RN is per-
forming retransmission (active RN) or silent (nonactive RN).
Denoting the SNR threshold by η, the policy to determine an
activation indicator ik ∈ {0, 1} of RN k is as follows:

RN Act. Policy I: ik =

{
0, if SNR(k) < η,

1, o.w.
, ∀k ∈ K,

(8)

where ik = 0 and ik = 1 denote a silent and active RN k ,
respectively. Here, the received SNR at RN k , SNR(k), can be
readily estimated using the pilot signals (3) in (5) as follows:

SNR(k) =
1
σ 2

∣∣∣∣∣∣ 1Q
n=Q∑
n=1

r(k,0,n)

∣∣∣∣∣∣
2

=
1
σ 2

∣∣∣∣∣∣ 1Q
n=Q∑
n=1

(√
PSNg(k)p(0,n) + z(k,0,n)

)∣∣∣∣∣∣
2

=
PSN
σ 2

∣∣∣∣∣∣g(k) +
1

Q
√
PSN

n=Q∑
n=1

z(k,0,n)

∣∣∣∣∣∣
2

≈
PSN |g̃(k)|2

σ 2 , ∀k ∈ K, (9)

where g̃(k) ≜ g(k) +
1

Q
√
PSN

∑n=Q
n=1 z(k,0,n) is the estimate of

g(k). Here, for notation simplicity, a set of active RN indices
is defined as K = {k ′

} ⊆ K, where ik ′ = 1 and ik ′ ∈ K.
Following the policy in (8), the active RNs are determined.

Here, η should be carefully designed to balance the tradeoff
between correct decoding at RNs (with large η) and the
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diversity gain from RNs (with small η). However, optimally
designing η is formidable for RNs because they do not know
the second-hop channels, h(k); furthermore, the SN has no
CSI and the DN only has the second-hop CSI. Moreover, the
RNs are transparent, i.e., the SN and DN do not know how
many RNs operate and are active in the networks. Therefore,
the observations and guidelines to numerically determine the
proper η will be provided in Section IV, which is one of the
main contributions of this study.

A benchmarking policy is introduced for comparison with
Policy I in (8). The benchmarking policy is a simple random
activation policy with an activation parameter α as follows:

RN Act. Policy II: ik = 8, ∀k ∈ K, (10)

where 8 is a random variable that conforms to a Bernoulli
distributionwith the activation parameterα, i.e.,8 = 1with a
probability of α/100 and8 = 0 with a probability 1−α/100.
Following Policy II, α% of RNs are randomly activated in the
cooperative networks. Though the RNs following Policy II
do not need to compute the received SNR in (9), they are
required to estimate the first-hop channel g̃(k) in (9) to decode
the message and regenerate it.

After the RN activation/association, the active RNs decode
and regenerate the messages in slots 1–S. Accordingly, RN k
equalizes the received signals using the estimated 1st-hop
channel g̃(k) in (9) as follows (k ∈ K, s = {1, . . . , S}, and
n = {1, . . . ,N/S}):

1
√
PSN g̃(k)

r(k,s,n) =

√
PSNg(k)x(s,n) + z(k,s,n)

√
PSN g̃(k)

=
g(k)
g̃(k)

x(s,n) +
1

√
PSN g̃(k)

z(k,s,n)

≈ x̃(k,s,n)
≜ x̄(k,s,n), (11)

where x̃(k,s,n) is the estimated message symbol of x(s,n) at
RN k and x̄(k,s,n) is the regenerated message symbol, that
is, one obtained by demodulating x̃(k,s,n) and modulating
(regenerating) it again.

B. PHASE 1: RANDOM PHASE ROTATION AT RELAY
NODES AND DATA DETECTION AT DESTINATION NODE
In the second phase, the active RNs retransmit the regenerated
signals to the DN. To obtain spatial diversity gain by exploit-
ing multiple channels between RNs and the DN, the PR
scheme proposed in [35] is applied to each slot independently.
The random phase that rotates the symbols in slot s of RN k is
denoted by θ(k,s), where θ(k,s) ∼ U(−π, π), i.e., the random
phases are between −π and π and different for different RNs
and slots, namely, k and s. Applying the random PR to the
retransmitted signals, the retransmitted signal frame of RN k
is structured as follows (∀k ∈ K):

slot 0: Q pilot symbols︷ ︸︸ ︷
ej2πθ(k,1) · · · ej2πθ(k,1)︸ ︷︷ ︸
group 1: QS pilots for slot 1

· · · ej2πθ(k,S) · · · ej2πθ(k,S)︸ ︷︷ ︸
group S: QS pilots for slot S

(12a)

slot 1: NS message symbols︷ ︸︸ ︷
ej2πθ(k,1) x̄(k,1,1) · · · ej2πθ(k,S) x̄(

k,1,NS

) (12b)

...
slot S: NS message symbols︷ ︸︸ ︷

ej2πθ(k,S) x̄(k,S,1) · · · ej2πθ(k,s) x̄(
k,S,NS

)
 . (12c)

In the retransmitted frame of RN k shown in (12), the first
part (12a) is a pilot sequence, i.e., slot 0. To estimate S effec-
tive channels that are rotated by S different phases, namely
θ(k,1), . . . , θ(k,S), the Q pilot symbols in (4) are grouped into
S groups, each of which has Q

S symbols. The pilot symbols in
group τ are rotated by the same phase θk,τ as in the message
symbols as follows (τ = 1, . . . , S):[
x̄(
k,0,(τ−1)QS +1

), x̄(
k,0,(τ−1) PS +2

), · · · , x̄(
k,0,τ Q

S

)]
=

[
ej2πθ(k,τ ) , ej2πθ(k,τ ) , · · · , ej2πθ(k,τ )

]
∈ C1×Q

S . (13)

The remaining parts of the frame shown in (12b) and
(12c) are the regenerated message symbols at RN k , namely,
x̄(k,1,1), . . . , x̄(k,1,NS ), . . . , x̄(k,S,1), . . . , x̄(k,S,NS

) from slots

1 to S. Here, it can be assumed that the active RNs correctly
decode the original messages throughout the RN association
procedure described in the previous subsection. Under this
assumption, the RN index k of the regenerated message sym-
bols is dropped, that is, x̄(k,s,n) = x̄(s,n), ∀k ∈ K.
After RN k’s, where k ∈ K, retransmit the frame in (12),

the training parts of the received signals simultaneously at DN
are written as

y(
0,(τ−1)QS +n

) =

∑
k∈K

√
PRNh(k)ejθ(k,τ ) + v(

0,(τ−1)QS +n
)

= f(τ ) + v(
0,(τ−1)QS +n

),
τ = 1, . . . , S, and n = 1, . . . ,

P
S

, (14)

where f(τ ) is the effective channel that is involved in pilot
group τ . Further, the message parts of the received signals
at DN are written as

y(s,n) =

∑
k∈K

√
PRNh(k)ejθ(k,s) x̄(s,n) + v(s,n)

= f(s)x̄(s,n) + v(s,n),

1 ≤ s ≤ S, and 1 ≤ n ≤
N
S

, (15)

where f(s) =
∑

k∈K
√
PRNh(k)ejθ(k,s) is the effective

second-hop channel of slot s.
Note that the effective channel gain for the coherence

detection of x̄(s,n) from (15) at the DN is different from that
without the PR as given by

∥∥f(s)∥∥2 ̸=

∥∥∥∥∥∑
k∈K

√
PRNh(k)

∥∥∥∥∥
2

, ∀s ∈ S, (16)
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FIGURE 3. Illustration of the channel gains with and without phase
rotation (PR) when N = 1820: (a) S = 7. (b) S = 14.

where the left- and right-hand sides are the effective channel
gains with and without the PRs, respectively. To verify this
result, the snapshots of the effective channel gains with and
without the PRs are demonstrated in Fig. 3. As shown in
Fig. 3, the effective channel gain without the PR is static
within one frame comprising 1, 820 symbols, as assumed in
the previous section. By contrast, the effective channel gains
with the PRs vary over the slots (S = 7 and S = 14 slots
in Figs. 3(a) and 3(b), respectively) as the PR is applied to
each slot independently. To exploit the diversity gain from the
varying channel gains, block channel coding and interleaving
should be employed for the information bits within a frame.

The DN can readily estimate the second-hop effective
channels for the slot s, i.e., the channels inside a norm of the
left-hand side of (16), by averaging the received signals when
τ = s in (14) as follows:

S
Q

n=Q
S∑

n=1

y(
0,(s−1)QS +n

)

=
S
Q

n=Q
S∑

n=1

(∑
k∈K

√
PRNh(k)ejθ(k,s) + v(

0,(s−1)QS +n
))

=

∑
k∈K

√
PRNh(k)ejθ(k,s) +

S
Q

n=Q
S∑

n=1

v(
0,(s−1)QS +n

)
≜ f̃(s). (17)

Using the estimate of the effective channel f̃(s) in (17),
from the received signals in (15), the message symbols can
be readily obtained as

1

f̃(s)
y(s,n) =

1

f̃(s)

(∑
k∈K

√
PRNh(k)ejθ(k,s) x̄(s,n) + v(s,n)

)

= x̄(s,n) +
1

f̃(s)
v(s,n)

≜ ˜̄x(s,n). (18)

Remark 1: The computation for the relay selection is per-
formed in each relay based on comparing the received SNR
and a predetermined threshold η. Thus, the complexity for the
relay selection (activation) of Policy I is merely measuring
the received SNR in (9) and one comparison operation, which
is relatively negligible compared to PR. Further, there is no
additional computational complexity for the relay selection of
Policy II in (10). On the other hand, the complexity of the PR
at the active relays can be derived from (12). No operation is
required for the pilot symbols in (12a), whereas N-complex-
symbol multiplications are required for the PR of N message
symbols. Thus,O(N ) complexity is required once the relay is
activated.

IV. DESIGN OF SNR THRESHOLD AND OPTIMAL
NUMBER OF SLOTS/PHASE ROTATIONS
We designed the frame structure, including pilot slot 0 and
message slots 1–S as shown in (12). The Q pilot symbols are
grouped into S groups to estimate the S effective channels
after the PR, with Q

S pilots in each group of pilots. Because
Q
S ≥ 1, the number of PRs, i.e., slots, is restricted as S ≤ Q
for a given length of pilot sequence Q. Under the fulfillment
of S ≤ Q, the diversity can be further exploited if the number
of PRs increases. However, as S increases, the second-hop
channel estimation accuracy decreases because the noise
term increases, as shown in (17). Thus, the number of PRs
(or equivalently, the number of slots) should be carefully
designed.

The parameter configurations for the numerical example
considered in this study are listed in Tables 2 and 3. Table 2
presents the possible numbers of slots, S, in addition, the
corresponding pilot group length Q

S and slot length N
S are

listed for N = 1806 and Q = 14. Table 3 lists the parameters
for N = 2304 and Q = 24. The parameters in Tables 2 and
3 were used to determine the optimal number of PRs/slots
in our simulation. The parameters are merely examples to
provide the intuition to design a frame of the phase-rotated
cooperative communication systems considered in this study.

To operate the proposed cooperative communication sys-
tems with the frames designed in Tables 2 and 3, we now
design two essential system parameters, namely, an SNR
threshold η to activate RNs and a slot number S to rotate the
phase of the channels.

A. DESIGN OF SNR THRESHOLD, η, OF POLICY I TO
ACTIVATE RELAY NODES
To design η, the number of active RNs was observed by
varying η under various environments. The basic system
parameters are summarized in Table 4. In a two-dimensional
plane, the SN, RNs, and DN are located at (0, 0) m, (x, y) m,
and (1200, 1200) m, respectively. In this study, the locations
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TABLE 2. Frame design parameters when N = 1806 and Q = 14.

TABLE 3. Frame design parameters when N = 2304 and Q = 24.

TABLE 4. Simulation environment.

of the RNs were uniformly distributed inside a 1152 m ×

1152 m coverage area (refer to Fig. 6). The bandwidth
was 25 KHz, and the carrier frequency was 2 GHz. The
noise figure was assumed to be −174 dBm/Hz. Rate- 12
23-state and rate- 23 27-state non-recursive systematic con-
volutional encoders were employed [40]; their structure is
shown in Fig. 4. After the channel coding, interleaving
based on random permutation was conducted. Rayleigh fad-
ing channel was assumed, and the pathloss conformed to
the 3GPP model in [41] and [42], i.e., ξA,B = −12.7 −

26 log10(fc) − 36.7 log10(dA,B), where dA,B is the dis-
tance between nodes A and B. A quadrature amplitude
modulation (QAM) scheme was used for the modulation,
namely, 4-QAM, 16-QAM, and 64-QAM. According to the

FIGURE 4. Nonrecursive systematic convolutional encoders: (a) Rate-1/2,
22 states. (b) Rate-2/3, 27 states.

FIGURE 5. Number of active RNs K over η when there are total
K = 20 RNs (Policy I in (8)).

modulation scheme, the transmit power of SN and RNs was
varied to obtain good BER performance of at least 10−1. For
a frame with N = 1806 in Table 2, PSN = PRN = 23 dBm is
used for the 4-QAM and 16-QAM schemes, whereas PSN =

PRN = 32 dBm is used for the 64-QAM scheme. For a frame
with N = 2304 in Table 3, PSN = PRN = 23 dBm was used
for the 4-QAM scheme, while PSN = PRN = 32 dBm was
used for the 16-QAM and 64-QAM schemes. Here, it was
assumed that PSN = PRN as any of RNs could operate as an
SN if multihop cooperation was considered. The total number
of RNs was between 5 and 50. The structure of a frame of
signals followed the parameters given in Tables 2 and 3. Two
hundreds frames were transmitted onceK RNs were realized.
Expectedly, as shown in Fig. 5, the number of active RNs

decreases as the SNR threshold η increases when there are
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FIGURE 6. Illustration of RN association from Policy I in (8) with various SNR thresholds η when K = 20.

K = 20RNs. In particular, one SN, oneDN, andK = 20RNs
are generated, whose locations are marked by a blue circle,
green square, and red triangles, respectively, in Fig. 6. The
20 RNs are located inside the area boxed by a dashed line
following the distribution given in Table 4.
As shown in Fig. 6, the number of active RNs decreases

from K = 18 to K = 15, K = 8, and K = 4 when η

is increased from 2 to 8, 14, and 12 dB, respectively. Evi-
dently, the number of active RNs, K , decreases as η increases
because the number of RNs that fulfill the SNR threshold
decreases, and it is independent of the modulation size M .
Here, for the activation of RNs, the distance between SN and
RN is not necessarily short, as clearly shown in Fig. 6(c),
owing to the small-scale fading. The active RNs that are very
far from the SN could be the interference sources because of
the incorrect detection in the first phase, which observed in
Fig. 6(a) with small η (η = 2 dB). However, the message
signals of the activate RNs that are very far from the DN
are successfully delivered to the DN with a low probability
because of the large path loss, which is the case in Fig. 6(d)
with a large η (η = 20 dB) because majority of the active
RNs are very far from the DN. Consequently, as discussed
in Section III-A, a trade-off exists between interference and
path loss while designing η. Clearly, η is a critical design
parameter for extracting the benefit of RNs in cooperative
networks, and an optimal η exists for the communication
environment.

To determine, η, the BER performance was evaluated for
various environments, including modulation size M -QAM,
channel code rate R, and the number of slots/PRs S. Each
message symbol included R log2M bits of information. Here,
S was set to the maximum value, i.e., S = Q. Later, it will be
shown that a larger S provides better BER performance as the
diversity gain improvement is major compared to the minor
performance reduction caused by CSI accuracy reduction.

In Fig. 7(a), the BER performance is evaluated over η

when the channel code rate R = 1/2, N = 1806, and
S = Q = 14. As inferred in Section III-A, an optimal SNR
threshold η to activate RNs exists. For example, the optimal
SNR threshold η to determine the activation/retransmission
of RNs is approximately 7 dB when S = 14, R = 1/2, and
M = 4. Based on the results, the optimal SNR thresholds for

specific slot number S, code rate R, and modulation size M
are listed in Table 5.

In Fig. 7(c), the frame length N and slot number S
are increased to N = 2304 and S = Q = 24,
respectively. A comparison of the BERs of the PR systems
in Figs. 7(a) and 7(c) reveals that the BER performance is
improved as the number of slots, i.e., equivalently, the number
of PRs in a frame, increases regardless of the modulation size,
M . This observation is relevant within a fixed-length frame.
In other words, the largest S would provide the best BER
performance for a fixed-length frame.

In Figs. 7(b) and 7(d), code rate R = 2/3 is used in the
simulation. Results similar to those in Figs. 7(a) and 7(c) with
R = 1/2 can be observed. As the code rate was increased
from R = 1/2 to R = 2/3, the message bits became more
vulnerable to noise. Thus, the SN and RN transmit power
was increased to 34 dBm for 16-QAM and 64-QAM to
obtain a BER performance of at least 10−1. The optimal SNR
thresholds for activating RNs in the first phase are also listed
in Table 5.
The guidelines obtained from this subsection are summa-

rized in the remarks below:

Remark 2: A more extended frame size N + Q provides
better BER performance. To this end, the frame size can be
determined such that the frame transmission time is the same
as the coherence time of the channels.
Remark 3: More PRs (S) provide better BER perfor-

mance; therefore, S is designed to have the maximum value
that is the same as the number of pilot symbols, i.e., S = Q.
Remark 4: The SNR threshold η for activating RNs should

be carefully designed according to the modulation size M,
code rate R, and PR number S. Modulation size is a critical
parameter for designing η. For examples, please refer to
Table 5.

B. DESIGN OF THE NUMBER OF SLOTS, S,
FOR PHASE ROTATIONS
In this subsection, the designing of the number of slots, i.e.,
the number of PRs, S, is described. As discussed at the
beginning of this section, there exists a trade-off between the
diversity gain and CSI accuracy when designing S. To obtain
the optimal S, the BER performance is evaluated over S
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FIGURE 7. BER performance over the SNR threshold, η dB, under various environments: N , R, and S.

TABLE 5. System parameters for BER evaluation over η in Fig. 7 and for the transmit power PSN = PRN dBm in Fig. 9.

with various parameters, including modulation size M , code
rate R, and frame structure, as listed in Tables 2 and 3. For
each environment, the best SNR threshold ηs obtained in

the previous subsection, as given in Table 5, were used to
determine the active RNs in the first phase. Other parameters
were the same as those used in Fig. 7.
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FIGURE 8. BER performance according to the number of PRs, S, under various environments: N , R, and Q.

A comparison of the BERs of 4-QAM in Fig. 8(a) with
those in Fig. 8(b) reveals that a higher code rate decreases the
BER performance. Similar results are observed for 64-QAM
between Figs. 8(a) and 8(b) and between Figs. 8(c) and 8(d).
For 4-QAM and 64-QAM, PSN = PRN = 23 dB and
PSN = PRN = 32 dB, respectively, were used. Note that
PSN = PRN = 23 dB was used for 16-QAM schemes shown
in Figs. 8(a) and 8(c), while PSN = PRN = 32 dB was used
for those shown in Figs. 8(b) and 8(d) for obtaining reliable
BER results under 10−1.

The results shown in Fig. 8 indicate that the BER of
the RNs without the PR is almost stable. However, the
BER performance is generally improved as the number of
PRs, S, increases. These results are aligned with the obser-
vation in Section IV-A. As stated in Remark 3, a larger
number of slots, i.e., the number of PRs, is better for
BER performance. Thus, the number of PRs, S, should be
equal to the maximum available number, i.e., the number
of PRs should be equal to the length of the pilot sequence,
S = Q.

V. BER PERFORMANCE COMPARISON
The BER performance of the proposed phase-rotated coop-
erative communication systems employing the designed
η and S was compared with benchmarking systems. The
compared systems are as follows:

• All RNs without PR (benchmarking scheme): All RNs
in the network retransmit signals without PR.

• All RNs with PR (benchmarking scheme): All RNs in
the network retransmit signals after PR.

• Random RNs without PR (benchmarking scheme):
α of RNs are randomly selected (Policy II in (10))
and retransmit signals without PR. Here, α = 30%,
which is found such that the best BER is obtained in
general.

• Random RNs with PR (benchmarking scheme): α =

30% of RNs are randomly selected and retransmit sig-
nals after PR.

• Active RNs without PR (benchmarking scheme):
Designed SNR threshold-based RN association is
employed, yet PR is not employed.
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FIGURE 9. BER performance according to transmit power PSN = PRN under various environments: N , R, M, and Q = S.

• Active RNs with PR (proposed scheme): Designed
SNR threshold-based RN association and PR employed
by active RNs.

A. BER PERFORMANCE ACCORDING TO TRANSMIT
POWER
Figure 9 shows BER performance evaluation according
to transmit power PSN = PRN under various system

environments listed in Table 5. The transmit power consid-
ered in the simulation was between 23 to 32 dBm. Two types
of frame structures, given in Tables 2 and 3, were considered.
For the channel coding, the convolutional encoders shown
in Fig. 4 were employed with R = 1/2 and R = 2/3.
Further, the best received SNR threshold ηs in Table 5 and
the maximum number of PRs, i.e., S = Q, were considered
for the proposed active RNs with or without PR. Three types
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of QAM, namely, 4-QAM, 16-QAM, and 64-QAM, were
employed.

As expected, the BER performance was generally
improved as the transmit power increased for all compared
schemes. The benchmarking schemes, namely All RNs and
Random RNs, exhibited poor BER performance because the
correct message recovery in the first-hop communication was
not guaranteed. Thus, the PR did not effectively improve
the BER performance as well. By contrast, the proposed
Active RN schemes achieved good BER performance as they
carefully considered the first-hop channel quality, i.e., the
received SNRs at RNs, by comparing it with η. Consequently,
the PR could effectively improve the BER performance at the
DN, particularly when themodulation size and code rate were
small, i.e., 4-QAM in Fig. 9(a). As the code rate increased
from R = 1/2 (Fig. 9(a)) to R = 2/3 (Fig. 9(b)), the failure
probability of the message recovery increased in the first
phase, resulting in the reduction of the PR effect in the second
phase. As the modulation size increased (from the figures in
the left to the right column), the BER performance generally
decreased. The BER performance of the proposed Active
RNs with PR was worse than that of Active RNs without
PR if the modulation size was high, code rate was high,
or the transmit power was insufficient, i.e., if the first-hop
communication quality was insufficient for the cooperation
(e.g., {M = 64, R = 1/2, PSN = PRN = 23 dBm} in
Fig. 9(c), {M = 16, R = 2/3, PSN = PRN = 23 dBm} in
Fig. 9(e), and {M = 64, R = 2/3, PSN = PRN = 23 dBm}

in Fig. 9(f)). However, the proposed Active RNs with PR
generally outperformed all benchmarking schemes.

Figures 9(g)–(l) show BER performance evaluation for a
long frame with N = 2304. The long-frame BER trend
is similar to that for a short frame with N = 1806 in
Figs. 9(a)–(f). Comparison of the BERs in Figs. 9(a)–(f) with
those in Figs. 9(g)–(l) verifies Remark 2 (Section IV-A),
i.e., the more extended frame size provides better BER per-
formance. Furthermore, the BER performance improvement
obtained from PR increases with the longer frame (compare
the BER gap between Active RNs with and without PR in
Fig. 9(d) with that in Fig. 9(j)) because the longer frame
rotates phase much more frequently (i.e., the longer frame
has a larger S.).
From the results in Fig. 9, the following remark is presented

as a guidelines to design the proposed Active RNs with PR:

Remark 5: To effectively achieve diversity gain frommulti-
ple active RNs, a small modulation size or sufficient transmit
power is required.

B. BER PERFORMANCE ACCORDING TO THE TOTAL
NUMBER OF RELAY NODES
In this section, we verify that the proposed method can
improve BER performance regardless of the total number of
RNs, K . Two environments are considered: one is a low-
data-rate mode with M = 4 and R = 1/2 (Fig. 10(a)) and
the other one is a high-data-rate mode with M = 64 and

FIGURE 10. BER performance according to the total number of RNs, K ,
when N = 1806 and Q = S = 14: (a) A low-data-rate mode: M = 4 and
R = 1/2. (b) A high-data-rate mode: M = 64 and R = 2/3.

R = 2/3 (Fig. 10(b)). A short frame is considered in both
cases: N = 1806 and Q = 14.
A comparison of the results in Figs. 10(a) and 10(b) indi-

cates that BER performance decreases as the transmission
rate increases. Furthermore, as expected, the BER of Active
RN methods decreases as K increases. However, interest-
ingly, the BER performances of the All and Random RN
schemes deteriorate as K increases. RNs could harm the
cooperation unless they are carefully operated, as they can
be an interference source rather than a cooperation source.
From the results, it is also verified that the BER performance
can be improved throughout the PR at RNs, regardless of the
number of RNs, if the active RNs are properly associated with
the cooperation.

VI. CONCLUSION
In this study, a frame structure including a pilot slot is
designed for a cooperative communication system, and a
received SNR threshold-based RN association method and
a phase rotation scheme are examined. From the intensive
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numerical results, a valuable guideline to design the practical
cooperative networks with multiple decode-and-forward RNs
with phase rotations is provided as four remarks: i) The more
extended frame size provides the better BER performance;
ii) The more frequent phase rotations provides the better
BER performance; iii) The SNR threshold for activating RNs
should be carefully designed according to the modulation
size, code rate, and phase rotation number; and iv) To effec-
tively achieve the diversity gain from multiple active RNs,
either a small modulation size or sufficient transmit power is
required. Though this study covers the example systems with
the specific communication parameters and the guideline
with remarks is numerically obtained from them, it would be
helpful for future work to design the practical multiple D&F
RNs with phase rotation in cooperative networks.
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