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Abstract—While device-to-device (D2D) communication be-
tween two proximate cellular terminals improves spectral effi-
ciency, cooperative spectrum sharing (CSS) among D2D users
(DUs) and cellular users (CUs) provides more gains. In this paper,
we thus propose a new CSS scheme, where a pair of DUs (D1

and D2) acts as half-duplex two-path successive relays (TPSRs)
between two CUs (C1 and C2) while maintaining cellular full-
duplex gains. The channel between D1 and D2, referred to as
TPSR inter-relay interference channel, is exploited to provide
D2D access with an ideal throughput of 1 symbol per time slot
(sym/TS). To eliminate the interference between C1-C2 and D1-
D2 links, we propose a hybrid complex field network coding
(HCFNC) scheme for two cases: 1) both of D1 and D2 correctly
decode cellular data, and 2) either D1 or D2 correctly decodes
cellular data. For each case, we derive the closed-form CU
diversity-multiplexing tradeoff (DMT) and data rate, symbol
error probability (SEP) for the HCFNC strategy, and the D2D
throughput. Our performance analysis and simulation results
show that: 1) the proposed scheme achieves the 3×1 multiple-
input single-output (MISO) DMT; 2) the CU achievable rate
approaches the full-duplex upper bound; 3) the DU average
throughput approaches 1 sym/TS at high signal-to-interference-
plus-noise ratio (SINR), demonstrating that DUs gain full access
opportunity to the cellular spectrum.

Index Terms—Device-to-device, cooperative spectrum sharing,
complex field network coding, successive relaying, diversity-
multiplexing tradeoff.

I. INTRODUCTION

DEvice-to-Device (D2D) communication, an underlay
paradigm [1], fulfills the urgent demand of proxim-

ity service (ProSe) among highly-capable user equipments
(UEs) [2]. It has been proposed for the third generation
partnership project (3GPP) long-term evolution (LTE) standard
and can facilitate peer-to-peer applications, social networking,
e-commerce, machine type communication, advertising and
other applications [3]. It provides hop gain, proximity gain
and reuse gain [4]. The first two gains quantify the ability
to achieve high-rates and low-power data exchange for near
D2D users (DUs). The reuse gain quantifies the simultaneous
spectrum usage by both cellular users (CUs) and DUs. These
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three gains show that the DU pairs achieve efficient intra-cell
access for themselves by sharing the cellular spectrum.

Although simultaneous sharing of frequency resources
clearly improves the total spectral efficiency [5], [6], the
problem is intra-cell interference (ICI) between cellular and
D2D links [2], [4], [7]. In this context, D2D is similar to
spectrum sharing cognitive radio (CR) [8], [9]. Nevertheless,
for both these systems, not only ICI, but also the lack of
incentive or even “inherently hostility” [10] of priority users
(i.e., the primary users (PUs) and CUs) to share their spectrum
is one of the major problems [9]–[11]. Thus, incentivizing
them to share spectrum with secondary users (SUs) or DUs is
a key challenge [9], [11].

To answer this challenge and to mitigate the ICI, cooper-
ative spectrum sharing (CSS) is developed for D2D [2], [7]–
[9], [12], [13]. The potential benefits of are diversity gains,
coverage extension and energy savings [14]–[17]. Thus, in
return for relaying CU messages, DUs can access the cellular
spectrum [8]. Furthermore, utilizing wireless broadcasting,
the ICI channel becomes the basis of establishing in-band
cooperation, and the adverse effects of ICI can also be
partially mitigated. Moreover, CSS D2D is relatively simple
to implement when both the DUs and CUs belong to the same
cellular network. For example, the existing infrastructure helps
to acquire channel state information (CSI), to set up links and
so on.

Nevertheless, the existing D2D CSS schemes [2], [7], [8],
[12], [13] are adversely affected by (A) low CU diversity
gain, (B) half-duplex loss due to conventional relaying and
(C) self-interference and inter-relay interference (IRI). The
reasons for (A) are non-utilization of CU-to-CU direct path
and interference between DU and CU links. The reason for
(B) is that half-duplex relaying uses two time slots per data
exchange. The reason for (C) is that the use of full-duplex
relaying, superposition-coding and successive relaying gener-
ates relatively large interference compared to the power of
desired signal, which severely degrades the spectral efficiency
and diversity gain. In addition, the low ratio (we refer to this
metric in CSS as participation ratio) of participant DUs used
as CU relays results in (a) relatively low cellular diversity
order and (b) few cellular and D2D communication phases. To
counteract (a), we exploit spatial diversity by utilizing more
DUs to create more independent relaying paths. For (b), if
more DUs participate in CSS, increased communication phases
provide flexibility to transmit CU data and DU data. Thus,
careful protocol design potentially yields benefits for both CUs
and DUs.
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TABLE I
COMPARISON OF RELATED CSS WORKS.

Related
Works

Relaying
Type

Direct-
Path

CU Diversity (d) and
Multiplexing (r) Gains

Number and Ratio
of Participated DUs

Interference
Mitigation

CU Priority

[2] HDR Yes ∗d = 2 and r = 1
2 1 in 2, 50% Stored cancellation No

[7] FDR Yes ∗d = 2 and r = 1 1 in 2, 50% No Min-rate
[8] TWR No ∗d = 1 and r = 1 2 in 2, 100% No No
[12] TPSR Yes ∗d = 2 and r = 1 2 in 4, 50% No No
[13] TWR No ∗d = 1 and r = 1 1 in 2, 50% CIOD Interference-free

Proposed TPSR Yes d = 3 and r = 1 2 in 2, 100% HCFNC Interference-free

A. Contributions
To alleviate the aforementioned problems, we propose a

successive spectrum sharing (SSS) scheme (Fig. 1), where
two DUs, say, D1 and D2 act as relays for a pair of CUs
while simultaneously accessing the cellular spectrum. The
main features and details are as follows:

1) Cellular diversity-multiplexing tradeoff (DMT). Be-
cause the DUs cooperate and also utilize the cellular
direct-path, the CU link achieves the 3 × 1 multiple-
input single-output (MISO) DMT.

2) Cellular interference elimination. To create an
interference-free CU channel, we propose a hybrid com-
plex field network coding (HCFNC) technique, thereby
fully eliminating the error-floor.

3) Virtual full-duplex relaying. The pair of DUs forms
a ‘virtual full-duplex’ two-path successive relaying
(TPSR) mode, where D1 and D2 alternate between
transmission and reception phases. CU’s half-duplex loss
is compensated because only one time slot is needed per
data transmission.

4) Cellular Priority. Interference-elimination, full diver-
sity and full-duplex multiplexing are prioritized and
guaranteed for the CUs.

5) D2D full spectrum access opportunity and full par-
ticipation. Since D1 and D2 communicate alternatively
in successive slots, IRI between them also exists. But
we exploit the IRI channel to provide data exchange for
DUs in each time slot. Thus, the proposed SSS scheme
utilizes all time resources for DUs on this band, and
provides full spectrum access opportunity for DUs. On
the other hand, all DU participation as CU relays benefits
both CU communication and the D2D full spectrum
access.

This paper discusses two cases: Case I - both the DUs can
decode; Case II - only one DU can decode. For each case, we
analyze the CU achievable DMT and data rate, DU symbol
error probability (SEP) with HCFNC, and the D2D throughput.
Specifically, because signal constellation based approaches are
sensitive to the channel-phase estimation error (PEE) [18], it
is fully considered in our derivations of the CU achievable rate
in Case I.

B. Related Works
The first CSS model studied the achievable rate region of

PU and SU in an information-theoretic perspective for CR
networks [19], [20]. Reference [21] introduced D2D relaying
concept to improve cellular multicast services. Primarily in a

D2D scenario, Li et al. [22] raised the cooperation concept
that utilizes the base station (BS) as an incremental D2D
relay to enhance the D2D performance. However, no gains are
available to the CUs, and moreover the D2D hop gain degrades
since both uplink and downlink are needed [7]. Therefore, to
mutually benefit both DUs and CUs by improving spectral
efficiency, CSS makes sense for D2D scenarios.

We compare and summarize related CSS works [2], [7],
[8], [12], [13] and this work in Table I (in this table, ∗ means
these gains have not been proved by the authors, but we have
estimated them by assuming perfect interference mitigation;
‘Participated DUs’ stands for x out of y DUs can be employed
to relay CU data).

Specifically, in [2], [7], [8], [12], one DU from the D2D
pair codes its own signal on to the cellular signal via a
superposition code in a time slot and relays the coded signal
to both DU and CU in the next time slot. The interference
signal from CU can be decoded and kept by DU, which can
be utilized for ‘stored cancellation’ in the next time slot. In [2],
the DU can access spectrum as long as relaying cellular data
in even time slots, but the cellular capacity is limited by half-
duplex relaying (HDR). Note that the cellular direct-path is
allowed, and the potential diversity order becomes two for the
cellular link. In [8], DU serves as an analog network coding
(ANC) two-way relay (TWR) [23] for cellular transmissions,
improving the cellular capacity which is limited by the half-
duplex constraint. In return, D2D data exchange is allowed
by the cellular network in each time slot. However, the ANC
TWR cannot exploit the direct-path (if exists) [24], [25], and
the potential CU diversity order is thus limited to one. To
further improve the spectral efficiency, [7] generalized [2] to
full-duplex CSS. In this model, the selected DU is a full-
duplex relay (FDR) and thus can access the spectrum and
relay simultaneously. Although full-duplex DU relaying helps
CU transmission, improves cellular capacity and potentially
achieves a CU diversity of two, the full-duplex transmissions
create self-interference that cannot be completely eliminated,
which degrades the system performance [26], [27]. Except
for full-duplex relaying, an interesting ‘virtual full-duplex’
approach called TPSR [28], [29] has been evolved to cognitive
CSS by [12], and note that the cognitive CSS is similar to
D2D CSS. To incorporate TPSR concept in this model, two of
four SUs are utilized as half-duplex relays to alternatively help
forward the PU signal. Simultaneously, the PU can continue
transmissions without waiting for the finish of two-hop relay-
ing process. Special self-interference links in TPSR, namely
IRI links, are utilized to provide data exchange for SUs, which
is a remarkable difference between ‘virtual full-duplex’ CSS
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and full-duplex CSS [7] on how to treat interference. With the
cellular direct-path, the potential diversity for this scheme can
be two if inter-user interference is canceled perfectly.

The main differences between works [2], [7], [8], [12]
and this work can be found in Table I. Although these CSS
schemes are win-win strategies, a critical problem is that
every node must detect its desired signal in the presence of
interference of the superposition-coded signals intended for
other users [13]. This interference results in an irreducible
error-floor and signal-to-interference-plus-noise ratio (SINR)
floor, dramatically increasing the error probability [13] and
consequently limiting diversity gain and capacity. To address
this problem, [13] proposed a security-embedded interference
avoidance scheme based on constellation rotation [30] and the
CSS model [8]. In this scheme [13], the intrinsic orthogonality
between the real and imaginary components of the complex
signal is exploited to realize interference-free CU and DU
transmissions. However, the CU diversity order of this schemes
is one because the direct-path is not used, and the participation
ratio is only 50% since only one DU serves as relay. Thus,
this scheme does not provide a 3 × 1 MISO DMT for the
CU link. Despite the higher DU participation ratio and CU
DMT, our work is different from [13] in the following key
aspects: 1) two DUs in our paper works alternatively as a
‘virtual full-duplex relay’ for CU, while [13] only employed
one DU to realize two-way relaying; 2) in our system model,
we consider all possible links, but [13] assumed the DU
direct-path and another DU-CU path are absent; 3) more co-
channel interferences are generated by those links, and we
thus propose HCFNC to detect desired data instead of the
original signal space orthogonality or coordinate-interleaved
orthogonal design (CIOD) in [13]; 4) PEE is considered in
our paper as deriving the achievable rate, which leads to a
more practical performance evaluation.

While spectrum leasing for CR [31], [32] is closely related
to CSS for D2D, there are prominent differences between these
two spectrum sharing models: 1) spectrum leasing shares the
access permission of PU and SU in time division multiple
access manner, but CSS D2D makes the coexistence of CU
and DU on the same time-frequency block possible; and 2)
spectrum leasing requires orthogonality in time domain, while
conventional CSS D2D uses signal processing techniques
for co-channel interference mitigation. Thus, compared with
spectrum leasing model [31], the CSS D2D model in our paper
can free up time resources at the expense of signal processing
(e.g., precoding and detection)1.

The rest of this paper is organized as follows. The system
model is introduced in Section II. In Section III, we describe
the SSS scheme (Case I) in detail and propose the HCFNC
technique. Performance analyses and numerical results for
Case I are presented in Section IV. In Section V, we discuss
bidirectional D2D spectrum sharing (Case II) in detail and
provide both performance analyses and numerical results.
Finally, Section VI draws the conclusion.

Notations: <{x} and ={x} denote real and imaginary parts
of x. E{x} is statistical expectation of x. Vector x has the i-th
element x(i). Matrix X has the (i, j)-th element X(i, j), and
In is the identity matrix of size n ≥ 1. R and C denote real
and complex numbers, and R+ = {x|x > 0, x ∈ R}.

1Complexity analysis is beyond the scope of this paper.
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Fig. 1. The system model for SSS scheme.

II. SYSTEM MODEL

As per Fig. 1, we consider a typically single cell scenario
as [2], [8], [9], [22], where at most one scheduled active D2D
pair (D1 and D2) attempts to access the same spectrum slot
as the cellular pair (BS and C2).

We assume that the channels remain static during each
frame (L + 1 time slots) [30], [33] and the complex channel
coefficients of BS-CU, BS-D1, BS-D2, D1-D2, D1-CU, D2-
CU links are denoted by hC , hB1, hB2, hD, hC1, hC2,
respectively. As in [13], [33], we assume the channel gains
are reciprocal, i.e., hij = hji for node i and node j. This
assumption is valid for time-division duplexing systems and
low Doppler spread channels, e.g., channel models in the
802.11a/g/n standards [34], [35]. The phase of hk (k ∈
{C,B1, B2, D,C1, C2}) is denoted by ∠hk. The background
noise at each node is assumed to be independent additive white
Gaussian noise (AWGN) with variance σ2. The transmit pow-
ers of BS and DUs are denoted by PB and PD respectively. Dα
and Dβ are used to indicate the D2D transmitter and receiver
at the n-th time slot, where the corresponding DU indexes in
Fig. 1 are given as α = mod(n, 2) + 1 and β = 3−α. snB , snα
and snβ are used to denote the original data symbols for BS,
Dα and Dβ at time slot n, respectively. Moreover, the two
communicating DUs are called an exchanging D2D pair. We
consider omni-directional half-duplex radio nodes only and
assume cell-level synchronization among the nodes [12].

In the first time slot, the BS broadcasts to the DUs and CU.
In the subsequent time slots, three cases will occur according
to whether the DUs can correctly decode CU data or not.
The decoding errors may be caused by small-scale fading,
shadowing, path loss and diverse detection abilities of different
D2D devices.
• Case I: (Successive spectrum sharing) In this case, both

nodes of the exchanging D2D pair are able to decode
(for a large dense network of relays, we can find two
nodes satisfying this condition [36]). As per Fig. 1, the
exchanging D2D pair of nodes alternate as relays for
cellular system. The explicit protocol is described in
Section III-A.
In this case, all BS data is relayed successively by the
exchanging D2D pair, which in return also has access
opportunity to mutually communicate during consecutive
time slots.

• Case II: (Bidirectional D2D spectrum sharing) In this
case, only one DU from the exchanging D2D pair is
able to decode, which we assume is D1 without loss of
generality. As per Fig. 1, the signal flow is identical with
Case I. For instance, |hB2| is too small to ensure BS data
be decoded correctly, so that the signal propagates over
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this channel can be viewed as noise, and the message con-
tained by the non-decoding DU signal is much different.
The explicit protocol is described in Section V-A.
In this case, only BS data during odd time slots is relayed
by the decoding DU, but D2D data exchange can occur
bidirectionally during even time slots.

• Case III: (Cellular mode) In this case, the exchanging
D2D pair is not able to decode the CU signals. The entire
system then degrades into the conventional cellular mode.
Thus, we omit the details.

In Fig. 1, the ICI arises since the links from the two senders
(BS and Dα) are non-orthogonal. Based on the orthogonality
of the in-phase and the quadrature components of a complex
constellation, Sun et al. [30] exploited signal space diversity
(SSD) to separate the two links. Their work motivates us to
design the HCFNC (Theorem 1) to mitigate the ICI in D2D.

III. CASE I: SUCCESSIVE SPECTRUM SHARING

In this section, we describe and analyze SSS (Case I) in
detail, which can be easily adopted to Case II (Section V) as
well. Concurrent transmissions create co-channel interference
to CUs and DUs. Thus, to prioritize interference-free trans-
mission and diversity order for the CUs, we propose HCFNC
(Theorem 1) and design precoding to match the received
signals according to Theorem 1.

Theorem 1. Considering vectors w = 1√
2
[1,−j]T and r =

[r1, r2]T , and y = wT r = 1√
2
(r1− jr2), we have two rules to

extract r1 and r2 from y.
Rule-1: If r1, r2 ∈ R, they can be extracted from y using:

r1 =
√

2<{y}, r2 = −
√

2={y}. (1)

Rule-2: If r1, r2 ∈ C, they can be extracted from y using
maximum likelihood (ML) detection:

(r1, r2) = arg min
ri∈C

‖ y − 1√
2

(r1 − jr2) ‖ . (2)

Proof: Eq. (1) can be intuitively derived from the signal
space of y. To derive (2), complex field network coding [37],
[38] technique is needed. Note that w is taken from the

row of the Vandermonde matrix
[
1 δ1
1 δ2

]
, where {δu}2u=1 =

ejπ(4u−1)/4. According to [37], the design of w satisfies:
wT r 6= wT r̃ if r 6= r̃, which allows simultaneous transmissions
from multiple sources. Then, complex field network coding
can be adopted to make it possible that the sources broadcast
different symbols in the same time slot and on the same
frequency [38]. Finally, as in [37], [38], ML expression (2)
can be used to detect r1 and r2.

Moreover, Equ. (1) from Theorem 1 demands successful
demodulation of complex signals only based on their real or
the imaginary component. According to [30] signal constella-
tion must be rotated before transmission. Specifically, if u is
a complex constellation point from an M-ary alphabet χ, the
transmitted symbol is x = uejφ, where φ is chosen to ensure
that no two rotated symbols have the same coordinates. That
is, for any p 6= q,

<{xp} 6= <{xq},={xp} 6= ={xq}, ∀xp, xq ∈ ejφχ. (3)

Therefore, prior to the transmission in Case I and II, every
constellation symbol is rotated by the angle φ chosen from

[30]. The transmit symbols s(n)
B , s(n)

α and s(n)
β are constellation

rotated before precoding, and the symbol power satisfies
E{|<{s(n)

k }|2} = 1 (k ∈ {B,α}). After the constellation
rotation, the transmit symbols in Case I are then precoded
based on the phase of related channel fading to match the
forms in Theorem 1, which are given by

x
(n)
B = <{s(n)

B }e
−∠hC , (4)

x(n)
α =

1√
2

(
<{s(n−1)

B } − j<{s(n)
α }

)
e−∠hCα, (5)

where 1 ≤ n ≤ L + 1 and s
(0)
B = s

(L+1)
B = s

(1)
α = 0.

The average power of transmitted symbol during each symbol
period is normalized to unity.

In detail, the BS encodes snB by (4) and broadcasts x(n)
B with

power PB . Dα decodes s(n−1)
B received at (n − 1)-th time

slot, and then generates x(n)
α by combining s

(n−1)
B with its

own symbol s(n)
α . Dα broadcasts x(n)

α with power PD = ηPB ,
where η is the power scale coefficient.

Denoting the signals received by CU and Dβ as y(n)
C and

y
(n)
β , we have

y
(n)
C = hC

√
PBx

(n)
B + hCα

√
PDx

(n)
α +N

(n)
C , (6)

y
(n)
β = hBβ

√
PBx

(n)
B + hD

√
PDx

(n)
α +N

(n)
β , (7)

where N
(n)
C and N

(n)
β denote the noise at CU and Dβ

respectively. Considering the symbols (4) and (5), we can
simplify (6) and (7) as

y
(n)
C =

1√
2

(
r

(n)
1,C − jr

(n)
2,C

)
, (8)

y
(n)
β =

1√
2

(
r

(n)
1,β − jr

(n)
2,β

)
+N

(n)
β , (9)

where r(n)
1,C and r(n)

2,C are real values given by

r
(n)
1,C = |hC |

√
2PB<{s(n)

B }+|hCα|
√
PD<{s(n−1)

B }+
√

2<{N(n)
C }, (10)

r
(n)
2,C = |hCα|

√
PD<{s(n)

α } −
√

2={N (n)
C }, (11)

and r(n)
1,β and r(n)

2,β are complex values given by

r
(n)
1,β = h̃Bβ

√
2PB<{s(n)

B }+ h̃D
√
PD<{s(n−1)

B }, (12)

r
(n)
2,β = h̃D

√
PD<{s(n)

α }, (13)

with h̃Bβ = hBβe
−∠hCα and h̃D = hDe

−∠hCα.
Based on HCFNC theorem, sB and sα can be decoded from

the composite signals.

A. Protocol
• Time slot 1: the BS broadcasts its precoded data x(1)

B =

f1(s
(1)
B ) to the DUs and C2.

• Time slot 2: the BS transmits precoded signal x(2)
B =

f1(s
(2)
B ) as (4); D1 applies the precoding in (5) and

transmits the composite signal x(2)
1 = g1(s

(1)
B , s

(2)
1 ); C2

first obtains r1,C(2) by Theorem 1, and then detects
s

(2)
B from r1,C(2) by space-time processing (16); D2 first

obtains r(2)
1,β and r

(2)
2,β by Theorem 1, and then detects

s
(2)
B and s(2)

1 by successive interference cancellation (SIC)
technique (Section III-C).

• Time slot 3: the BS transmits precoded signal x(3)
B =

f1(s
(3)
B ) as (4); D2 applies the precoding in (5) and
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transmits the composite signal x(3)
2 = g1(s

(2)
B , s

(3)
2 ); D1

first obtains r(3)
1,β and r(3)

2,β by Theorem 1, and then detects
s

(3)
B and s(3)

2 by SIC technique (Section III-C).
• The progress of time slot 2 and time slot 3 repeats

alternatively until time slot L.
• Time slot L + 1: Dα applies the precoding in (5) and

transmits the signal x(L+1)
α = g1(s

(L)
B , s

(L+1)
α ); C2 first

obtains r1,C(L+ 1) by Theorem 1, and then detects
s

(L)
B , s

(L−1)
B , · · · , s(1)

B from r1,C(L+ 1) by space-time
processing (17); Dβ first obtains r(L+1)

2,β by Theorem 1,
and then detects s(L+1)

α by SIC technique (Section III-C).
Note that at time slot L + 1, a better detection can be

achieved by “maximum ratio combining” (MRC) after obtain-
ing rf and rb. Thus, by exploiting the special signal space
structure (Theorem 1), DUs and CUs can decode the cellular
data and D2D data.

B. Space-Time Processing at CU

From Rule-1 of Theorem 1, r(n)
1,C and r

(n)
2,C in (8) can be

separated using (1), because co-channel interference terms and
CU data to DU are readily aligned with the imaginary and real
parts of y(n)

C respectively. After retrieving the real part r(n)
1,C ,

we focus on the decoding. At the DU, all the cellular data
values in L+ 1 time slots are vectorized as

r1,C = HsB + NC , (14)

where sB = <
{

[s
(1)
B , s

(2)
B , · · · , s(L)

B ]T
}

. The vector NC is the

equivalent noise, i.e., NC=
√

2<
{
[N

(1)
C , N

(2)
C , · · · , N (L+1)

C ]T
}

.
H is the equivalent MIMO channel matrix of size (L+1)×L,

H =



CB 0 · · · 0 0

C1 CB
. . . 0 0

0 C2

. . . 0 0
...

...
. . .

...
...

0 0 · · · C1 CB
0 0 · · · 0 C2


, (15)

where CB =
√

2PB |hC |, C1 =
√
PD|hC1|, C2 =

√
PD|hC2|

and L is assumed to be even.
Only one non-zero entry exists in the first and last rows

of H respectively, which manifests that s(1)
B and s

(L)
B can be

estimated directly from the observations at the first and last
time slots. Then, based on the special structure2 of H, inter-
symbol interference (ISI) terms CBs

(1)
B (forward direction)

and C1s
(L)
B (backward direction) can be reconstructed and

subtracted from observations at the 2-th and (L − 1)-th time
slots respectively. Following this same progress, the decoder
is able to subtract the reconstructed ISI from the observation
at each time slot in sequence. Accordingly, this forward and
backward estimation method [33] outputs sf and sb, which are
the hard decisions of rf and rb respectively. rf (n) and rb(n)
are given by

rf (n)=

{
r1,C(n), n = 1,

r1,C(n)− sf (n− 1)H(n, n− 1), 1 < n≤L, (16)

rb(n)=

{
r1,C(n+ 1), n = L,

r1,C(n+1)−sb(n+1)H(n+1, n+1), 1 ≤ n<L. (17)

2For more general H, we can apply the Babai estimator [39] or sphere
decoding [40].

Either the forward or backward estimations can be used in
data detection. A better detection can be achieved by MRC rf
and rb as

rMRC(n)=H(n, n)rf (n) + H(n+1, n)rb(n), n=1,· · ·, N, (18)

with the final data detection being the hard decision of rMRC.
In practice, hard decision errors exist in forward and back-

ward estimation, leading to a performance gap with ideal
decoding. The evaluation of the performance gap is beyond
the scope of this paper and may be considered in future work.

C. SIC Detection at DU

From Rule-2 of Theorem 1, r1,β and r2,β in (9) can be
separated using HCFNC. Since symbol errors may be caused
by random noise N (n)

β , the symbol error probability (SEP) will
be given in Section IV-B. Here, we focus on the decoding
process after separating r1,β and r2,β , i.e. extracting the
expected signals s(n)

B and s(n)
α .

It is easy to decode s(n)
α from (13). To decode s(n)

B from
(12), we use target rate RtarD to implement the SIC detection.
Define

gmax = arg max{2PB |h̃Bβ |2, PD|h̃D|2}
= arg max{2PB |hBβ |2, PD|hD|2}, (19)

gmin = arg min{2PB |h̃Bβ |2, PD|h̃D|2}
= arg min{2PB |hBβ |2, PD|hD|2}, (20)

and RSIC
D =log2

(
1+ gmax

gmin

)
. We have the following criterion

RSIC
D ≥ RtarD , (21)

which allows the SIC to process successfully. The stronger
signal can be successfully decoded by treating the other as
noise. After that, the stronger signal can be reconstructed and
canceled, which helps to decode the weaker signal.

D. Feasible Region for D2D Power Scale Coefficient η

To implement the D2D relaying process successfully, the
transmit power of DU is constrained by PD = ηPB and (21).
We determine the feasible region for η in Lemma 1.

Lemma 1.

η∈

{
R+, 0 <RtarD ≤ 1,(

0, G

2
Rtar
D −1

]⋃[
(2R

tar
D −1)G,∞

)
, RtarD > 1, (22)

where G =
2|hSβ |2
|hD|2 .

Proof: Please see Appendix I.

Remark 1. If the target decoding rate RtarD is smaller than 1,
there is no limit for PD considering SIC. Whereas, in practice,
the transmit power of D2D user can hardly be larger than that
of BS, i.e., η = PD

PB
< 1. On the other hand, G

2 =
|hBβ |2
|hD|2 <

1 holds due to the proximity for D2D user pairs. Based on
the two facts, the choice for η in practice can be η ∈ (0, 1)
(RtarD ≤ 1) or η ∈ (0, 1]

⋂
(0, G

2R
tar
D −1

]
⋃

[(2R
tar
D −1)G,∞)

(RtarD > 1).
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IV. PERFORMANCE RESULTS FOR CASE I

A. Diversity-Multiplexing Tradeoff Analysis for CU
Since in Case I the two DUs can correctly decode the

original BS data in the first relaying phase, we only focus
on the mutual information in the second relaying phase. This
can be expressed using the equivalent MISO channel model
in (14) as

I(sB ; yC) = log2

(
det
(

IL+1 + HRsBHHR−1
NC

))
(23)

= log2

(
det

(
IL+1 +

1

σ2
HHH

))
, (24)

where RsB = E{sBsH
B} = IL and RNC = E{NCNH

C} =
σ2IL+1. Thus, the outage probability of CU is given by

PCUout = Pr {I(sB ; yC) < (L+ 1)R}

= Pr

{
log2

(
det

(
IL+1+

1

σ2
HHH

))
<(L+ 1)R

}
. (25)

The factor L+ 1 is the number of L+ 1 time slots required
to transmit L symbols [41].

1) DMT Lower Bound: H is an (L + 1) × L bi-diagonal
matrix and can be shown to be in the following form:

H =

[
CBIL

0T

]
+

[
0T

diag(C)

]
, (26)

where C = [C1, C2, · · · , C1, C2]T and 0 = [0, 0, · · · , 0]T are
both L-dimensional vectors. By using the Lemma 3.1 in [41]
and observing the structure of H in (15), we have

det

(
IL+1 +

1

σ2
HHH

)
≥
(

1

σ2
|CB |2

)L
+

(
1 +

1

σ2
|C1|2

)L
2
(

1 +
1

σ2
|C2|2

)L
2

.
= SINRL

((
2|hC |2

)L
+
(
η2|hC1|2|hC2|2

)L
2

)
, (27)

where the dot equal operator .
= denotes asymptotic equality

in the high SINR regime, SINR = PB
σ2 and η = PD

PB
. From

(25) and (27), we obtain

SINR−d(r) .=PCUout ≤Pr
{

log2

(
SINRL

((
2|hC |2

)L
+
(
η2|hC1|2|hC2|2

)L
2

))
<(L+1)R

}
.
= SINR−d(r), (28)

where R = r log2(SINR) and d(r) is the lower bound.
The outage events at high SINR are dominated by log2

(
SINRL

(
2|hC |2

)L)
< (L+1)R

log2

(
SINRL

(
η2|hC1|2|hC2|2

)L
2

)
< (L+1)R

, (29)

which can be simplified as{
|hC |2 < 2−1SINR(L+1

L
r−1)

|hC1|2 · |hC2|2 < η−1SINR2(L+1
L

r−1)
. (30)

By using (30) and the exponential order of hk, k ∈
{C,C1, C2}, i.e., vk = − limSINR→∞

log2(|hk|2)
log2(SINR) , we can

rewrite the outage events in the high SINR regime as

O+ = {(vC ,vC1, vC2) ∈ R3+∣∣∣∣ (1− vC)+ < L+1
L
r,

(2− vC1 − vC2)+ < L+1
L

2r

}
, (31)
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DMT L=80

3 × 1 MISO

Half-duplex DF

Direct

Fig. 2. DMT performance for CU in Case I. Half-duplex DF relaying refers
to [42], and ‘direct’ means direct transmission without relaying.

By using (31) and according to [41], the DMT lower bound
can be expressed as

do(r) = inf
O+

(vC + vC1 + vC2) = 3

(
1− L+ 1

L
r

)+

, (32)

where the notion inf stands for the infimum of a set.
2) DMT Upper Bound: This is actually a two-relay diver-

sity protocol, and the DMT is upper bounded by the 3 × 1
MISO DMT [41] given by

do(r) = 3

(
1− L+ 1

L
r

)+

. (33)

Then, the DMT in closed-form is given as

do(r) = do(r) = do(r) = 3

(
1− L+ 1

L
r

)+

. (34)

Remark 2. The closed-form expression of the achievable
DMT (34) indicates that the proposed D2D aided two-hop
cellular transmission achieves a multiplexing gain of L

L+1 ,
which can be approximated as 1 (full-duplex). On the other
hand, the cellular transmission achieves a full diversity of 3
and approaches the 3× 1 MISO DMT. The numerical results
in Fig. 2 verify that D2D user’s DMT approaches 3×1 MISO
DMT when L is large. Compared with direct transmission and
half-duplex relaying, DUs’ special assistance in SSS scheme
helps the cellular system maintaining the multiplexing gain
and achieving a higher diversity order of three instead of one.

B. DU’s Symbol Error Probability after HCFNC

In this section we consider the DU SEP after HCFNC,
which is affected by the decoding (Theorem 1) and noise.

To analyze the SEP for CU, we rewrite (9) in the standard
AWGN channel form as

y
(n)
β = X(n) +N

(n)
β , (35)

where X(n) = 1√
2

(
u

(n)
1 − ju(n)

2

)
, X(n) ∈ AX , u(n)

1 =

h̃Bβ
√

2PB<{s(n)
B }+h̃D

√
PD<{s(n−1)

B }, u(n)
2 = h̃D

√
PD<{s(n)

α }
and u

(n)
1 , u

(n)
2 ∈ Au. Assuming X

(n)
a and X

(n)
b are two
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realizations for X(n), the SEP of X(n) is given by

Pe{X(n)} =

Nn∑
a=1

Pr{X(n)
a }

Nn∑
b=1

X
(n)
b
6=X(n)

a

Pr{X(n)
a → X

(n)
b }, (36)

where Nn = |AX |. However, the incorrect detection of
X does not represent the error of two symbols (u

(n)
1 , u

(n)
2 ),

because the number of symbols failed to be recovered is
unknown. The probability P

(n)
e−k (k = 1, 2), denoting k of

two symbols (u
(n)
1 , u

(n)
2 ) failed to be recovered, is given by

P
(n)
e−k=

Nn∑
a=1

Pr{X(n)
a }

Nn∑
b=1

Pr{X(n)
a →X

(n)
b

∣∣ ‖u(n)
a −u(n)

b ‖0 =k}, (37)

where X
(n)
a = wTu(n)

a , X(n)
b = wTu(n)

b and w is given in
Theorem 1. u(n)

a and u(n)
b are two realizations for u(n) =

[u
(n)
1 , u

(n)
2 ]T. ‖u(n)

a − u(n)
b ‖0 indicates the zero-norm which

denotes the number of nonzero elements of (u(n)
a − u(n)

b ).
Hence, the average SEP for each symbol in (u

(n)
1 , u

(n)
2 ) can

be expressed as

P (n)
e =

1

Ns

Ns∑
k=1

k × P (n)
e−k, (38)

where Ns = 2 is the number of symbols coded in X(n).
We assume the uniform distribution of X(n) due to one-to-
one mapping between X(n) and u(n) [37], i.e. Pr{X(n)

a } =
1/|AX |. For any given constellation in (37), the SEP in AWGN
channel can be estimated by the union bound [39], [43]:

P
(n)
e−k ≤

1

|AX |

Nn∑
a=1


Nn∑
b=1

‖u(n)
a −u(n)

b
‖0=k

Q

(
dX

(n)

ab

2
√
σ2

) , (39)

where dX
(n)

ab denotes the Euclidean distance between X
(n)
a

and X(n)
b in the constellation for X(n), and ‖u(n)

a − u(n)
b ‖0 =

k indicates the zero-norm denoting the number of nonzero
elements of (u(n)

a −u(n)
b ) is k. The SEP (38) is upper bounded

by

P (n)
e ≤ 1

2Nn

2∑
k=1

k

Nn∑
a=1


Nn∑
b=1

‖u(n)
a −u(n)

b
‖0=k

Q

(
dX

(n)

ab

2
√
σ2

) . (40)

C. Lower Bound for DU’s Throughput with HCFNC

To extract DU own symbol contained in r
(n)
2,β , HCFNC

is needed to separate the cooperative symbol r(n)
1,β and non-

cooperative symbol r(n)
2,β . The throughput T (n) of the D2D

link, defined as the average number of successfully transmitted
symbols within one time slot [37], is affected by the SEP of
HCFNC.

T (n) =

{
0, n = 1

1− P (n)
e , 2 ≤ n ≤ L+ 1

(sym/TS). (41)

The average throughput of D2D link over L+ 1 time slots
can be given by

TD =
1

L+ 1

L+1∑
n=1

T (n) (42)

≥ 1

L+1

L+1∑
n=2

1− 1

2Nn

2∑
k=1

k

Nn∑
a=1


Nn∑
b=1

‖u(n)
a −u(n)

b
‖0=k

Q

(
dX

(n)

ab

2
√
σ2

)
. (43)

Thus, TD is lower bounded by (43), which approximates the
practical throughput, especially in high SINR regime. When
SINR approaches to infinity (i.e. σ → 0), the lower bound for
throughput is

TD=lim
σ→0

1

L+1

L+1∑
n=2

1− 1

2Nn

2∑
k=1

k

Nn∑
a=1


Nn∑
b=1

‖u(n)
a −u(n)

b
‖0=k

Q

(
dX

(n)

ab

2
√
σ2

)


=
L

L+ 1
. (44)

Note that the lower bound for D2D throughput approaches 1
as L→∞.

Remark 3. The lower bound for the D2D average throughput
given in (43) can be approximated as L

L+1 in high SINR
regime. Thus, when the channel condition is good and L is
large enough, the D2D throughput is 1 sym/TS. Then, DU
can access cellular spectrum in each time slot to exchange its
data for local services, which infers that D2D system gains
full spectrum access opportunity. The numerical results in Fig.
3 verify that: 1) the derived lower bound is very close to
simulation value; 2) the throughput is very near to 1 sym/TS
when SINR (tranmit power) is larger than 25 dB.
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Fig. 3. The average throughput for DU in Case I. Simulation is based on
these parameters: frame length L + 1 = 129, background AWGN noise
variance σ2 = 1, Rayleigh fading channel coefficient variance σ2

hk
= 1

(k ∈ {C,B1, B2, D,C1, C2}), the power scale coefficient η = 0.5, path
loss factor is 3, and distances of DU-DU and CU-DU are set as 0.5 and 1
respectively. Evaluation is based on the lower bound derived in (43).
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Fig. 4. Achievable rate for CU in Case I. Simulation parameters: background
AWGN noise variance σ2 = 1, Rayleigh fading channel coefficient variance
σ2
hk

= 1 (k ∈ {C,B1, B2, D,C1, C2}), the power scale coefficient η =
0.5, path loss factor is 3, and distances of DU-DU, DU-CU and BS-CU are
set as 1, 1 and

√
3 respectively.

D. Achievable Rate for the CU Channel
Similar to [12], the achievable rate for (24) can be calculated

as

RC =
1

L+ 1
log2

(
det
(

IL+1 + HcHH
c

))
bit/s/Hz, (45)

where Hc = 1
σH. To simplify the evaluation of the determi-

nants (45), The normalized equivalent MIMO channel in (45)
can be approximated by

Hc ≈

H0

. . .
H0

 , H0 =
1

σ

[
CB 0
C1 CB
0 C2

]
. (46)

The determinant of the tridiagonal martix is evaluated as [12]

det
(

IL+1 + HcHH
c

)
≈
(

det(I3 + H0HH
0 )
)L

2
= |B|

L
2 , (47)

where |B| = 1+ 4PBgc
σ2 + PDgc1

σ2 + PDgc2
σ2 +

4P 2
Bgc
σ4 +

P 2
Dgc1gc2
σ4 +

2PBPDgcgc1
σ4 . Thus, the achievable rate can be approximated by

RC ≈ R′C =
L log2 |B|
2(L+1)

=
1

2
log2 |B| −

1

2(L+1)
∆R, (48)

where ∆R = log2 |B|. It can be concluded from (48) that
bounds for R′c exist, because L ∈ (2,∞).

1

3
log2 |B| < R′c <

1

2
log2 |B|. (49)

Remark 4. The numerical results (Fig. 4) verify that: 1) the
derived approximated rate is very close to accurate value; 2) if
the frame length is more than 64, we can use the upper bound
to estimate CU rate, which is useful in practical applications.

The numerical results (Fig. 5) compare our scheme with
some existing CSS schemes. The schemes of [7], [8], [12] use
superposition coding to combine DU data with the relaying
data for CU. 1) In schemes [7], [8], [12], the intended data
for cellular user is always interfered by DU signal (ICI),
which results in a SINR floor as transmit power increases.
The ICI limits CU performance especially at high SINR
regime. Thus, our scheme outperforms these schemes because
HCFNC technique creates interference-free channel for the
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Fig. 5. Achievable rate for CU in Case I. The ideal achievable rate for
full-duplex relaying ignoring LI and ICI is an upper bound for all schemes.
Simulation parameters: frame length L + 1 = 33 and other parameters are
the same with Fig. 4. For schemes using superposition coding, the power split
factors at DUs are fixed at 0.8 for fair comparison.

priority user (CU). 2) Our scheme outperforms the scheme
in [13], because direct link can be utilized in our scheme
to enlarge the capacity of equivalent MIMO channel while
the ANC relaying protocol in [13] can not. 3) The data
rate for CU in our scheme is very close to the full-duplex
relaying in this scenario, which is considered ideally without
any interferences. Thus, full-duplex multiplexing gain can be
achieved if L is chosen large enough and CSI is accurate to
support HCFNC technique.

E. Achievable Rate for CU Channel with PEE

HCFNC is implemented via precoding at the transmitter.
The precoding processes (4) and (5) require channel phase
estimations for hC and hCα. However, nodes may not always
acquire perfect CSI due to, for example, channel estimation
errors and/or the slack cooperation between DUs and CUs
[44]. Specifically, PEE or phase noise in channel estimation
greatly affects the signal constellation based approaches [18].
Thus, it is important to characterize the effect of PEE on the
achievable rate for the cellular user.

Consider ∆φC ,∆φD ∼ N(0,∆2
P ) [18] and they are PEEs

for CU and DU, respectively. Thus, the transmit symbols are
given by

x̃
(n)
B = <{s(n)

B }e
−(∠hC+∆φC), (50)

x̃(n)
α =

1√
2

(
<{s(n−1)

B } − j<{s(n)
α }

)
e−(∠hCα+∆φD). (51)

Thus, we have

ỹ
(n)
C = hC

√
PB x̃

(n)
B + hCα

√
PDx̃

(n)
α +N

(n)
C , (52)

where r̃(n)
1,C =

√
2<{ỹ(n)

C }, i.e.,

r̃
(n)
1,C =|hC |

√
2PB<{s(n)

B } cos ∆φC+|hCα|
√
PD<{s(n−1)

B }

×cos∆φD+|hCα|
√
PD<{S(n)

α }sin∆φD+
√

2<{N (n)
C }. (53)

At DU, all the r̃(n)
1,C in L+ 1 time slots (a frame) are

r̃1,C = H̃sB + w̃, (54)
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where the equivalent interference plus noise vector w̃ is

w̃=
√
PD sin ∆φD


0

|hC1|<{S(2)
1 }

|hC2|<{S(3)
2 }

...
|hC2|<{S(L+1)

2 }

+
√

2


<{N (1)

C }
<{N (2)

C }
<{N (3)

C }
...

<{N (L+1)
C }

. (55)

H̃ is the equivalent MIMO channel with size (L+ 1)× L,

H̃ =



C̃B 0 · · · 0 0

C̃1 C̃B
. . . 0 0

0 C̃2

. . . 0 0
...

...
. . .

...
...

0 0 · · · C̃1 C̃B
0 0 · · · 0 C̃2


, (56)

where C̃B=CB cos ∆φC and C̃i=Ci cos ∆φD (i ∈ 1, 2).
Based on [12], the achievable rate for the case with PEE is

R̃c =
1

L+ 1
log2

(
det

(
IL+1 + H̃

H
(R−

1
2

w )HH̃R−
1
2

w

))
=

1

L+ 1
log2

(
det
(

IL+1 + H̃cH̃
H
c

))
, (57)

where Rw = E{wwH} = diag{σ2, λ1, λ2, · · · , λ2}, with
λ1 = gC1PD sin2 ∆φD+σ2 and λ2 = gC2PD sin2 ∆φD+σ2.
The normalized equivalent MIMO channel H̃c is written as

H̃c =



C̃B
σ

0 · · · 0 0

C̃1√
λ1

C̃B√
λ1

. . . 0 0

0 C̃2√
λ2

. . . 0 0

...
...

. . .
...

...
0 0 · C̃1√

λ1

C̃B√
λ1

0 0 · · · 0 C̃2√
λ2


. (58)

Adopting the same procedure in (45)-(48), the approximation
of R̃C can be derived as (see Appendix II),

R̃C ≈ R̃′C =
1

2
log2 (|B2|) +

1

L+ 1
∆R̃. (59)

In (59), ∆R̃ = log2

(
|B1| · |B2|−

3
2

)
and

|B1|=1+
C̃2

1

λ1
+
C̃2
B

λ1
+
C̃2

2

λ2
+
C̃2

1 C̃
2
2

λ1λ2
+
C̃2
B

σ2
+

C̃4
B

λ1σ2
+
C̃2

2 C̃
2
B

λ2σ2
, (60)

|B2|=1+
C̃2

1

λ1
+
C̃2
B

λ1
+
C̃2

2

λ2
+
C̃2

1 C̃
2
2

λ1λ2
+
C̃2
B

λ2
+

C̃4
B

λ1λ2
+
C̃2

2 C̃
2
B

λ2
2

. (61)

As L ∈ (2,∞), the bounds for R̃′C exist:
1

3
log2 |B1| < R̃′C <

1

2
log2 |B2|. (62)

When L is sufficiently small, R̃′C approaches 1
3 log2 |B1|

and is determined by |B1|. When L is sufficiently large, R̃′C
approaches 1

2 log2 |B2| and is determined by |B2|.
To evaluate the effect of PEE on achievable rate, we firstly

give the following high-SINR expressions: limγ→∞
C̃2
i

λi
=

cot2 ∆φD, limγ→∞
C̃2
B

λi
= 2gC

ηgCi

cos2 ∆φC
sin2 ∆φD

= bi
sin2 ∆φD

and

limγ→∞
C̃2
B

σ2 = ∞ (γ = PD
σ2 , η = PD

PB
and i ∈ {1, 2}). Then,
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Fig. 6. Achievable rate for CU with PEE in Case I. Different power scale
coefficient η and different PEE ∆φ = ∆φC = ∆φD is chosen to make
comparison. Simulation parameters: frame length L + 1 = 33, and other
parameters are the same with Fig. 4.

we derive that

lim
γ→∞

|B1| =∞, (63)

lim
γ→∞

|B2| =(1 + cot2 ∆φD)2 + b2 cot2 ∆φD

+
1

sin2 ∆φD
(b1 + b2 +

b1b2

sin2 ∆φD
). (64)

Note that at the high SINR regime, the achievable rate for
equivalent MIMO channel is

lim
γ→∞

R̃′C =

{
∞, L→ 2,

1
2

log2(A), L→∞, (65)

where finite value A = limγ→∞ |B2| is given in (64).

Remark 5. Observing (55), we note that additional inter-
ference is overlaying the background AWGN. This term is
weighted by

√
PD and PEE component sin ∆φD, which limits

the maximum achievable rate at high SINR. Thus, the channel
estimations for DU-CU links, i.e. hC1 and hC2, are more
important in order to achieve higher D2D aided cellular rate.
This can be validated by (64) and (65) that: R̃′C →∞ as the
PEEs of DU-CU links approach zero (∆φD → 0).

Based on (65), in the scenario with small frame length
L → 2, the achievable rate can increase infinitely as SINR
increases. Whereas, direct cellular link in the first time slot
plays the most important part in equivalent MIMO channel
capacity, and the rates of the D2D aided cellular links
are still limited by PEE induced interference. According to
Remark 2, to achieve full multiplexing gain, large frame length
(L→+∞) must be chosen in system design. Thus, the scenario
with large frame length L is approval in practice.

In any case, the achievable rates for D2D aided cellular
links are limited by PEE induced interference. And the analysis
can be verified by numerical results in Fig. 6: 1) with fixed
η, it is clear that the value of PEE limits data rate which
especially exhibits a performance floor at high SINR regime;
2) with fixed ∆φ, we also find that if more power is allocated
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to cellular user in this system, i.e. η is larger, the system will
have a better immunity against PEE induced interference.

V. CASE II: BIDIRECTIONAL D2D SPECTRUM SHARING
AND PERFORMANCE RESULTS

In Case II, only one DU, say D1, correctly decodes the
data packets from BS. Thus, D1 relays the cellular data and
D2 only transmits its own data. The symbols are thus precoded
and given by

x
(n)
B,II = <{s(n)

B }e
−∠hC (66)

x
(n)
α,II =

{
1√
2

(
<{s(n−1)

B } − j<{s(n)
α }

)
e−∠hCα, α = 1,

−j 1√
2
<{s(n)

α }e−∠hCα, α = 2,

=
1√
2

(
(2−α)<{s(n−1)

B }−j<{s(n)
α }

)
e−∠hCα, (67)

where α = mod (n, 2).
Denoting signals received by CU and Dβ (β = 3 − α) as

y
(n)
C and y(n)

β , we have

y
(n)
C,II = hC

√
PBx

(n)
B,II + hCα

√
PDx

(n)
α,II +N

(n)
C

=
1√
2

(
r

(n)
1,C,II − jr

(n)
2,C,II

)
, (68)

y
(n)
β,II = hBβ

√
PBx

(n)
B,II + hD

√
PDx

(n)
α,II +N

(n)
β ,

=
1√
2

(
r

(n)
1,β,II − jr

(n)
2,β,II

)
+N

(n)
β , (69)

where r(n)
1,C,II and r(n)

2,C,II are real values given by

r
(n)
1,C,II=|hC |

√
2PB<{s(n)

B }+(2−α)|hCα|
√
PD<{s(n−1)

B }+
√

2<{N(n)
C },

(70)

r
(n)
2,C,II =|hCα|

√
PD<{s(n)

α } −
√

2={N (n)
C }, (71)

and r(n)
1,β,II and r(n)

2,β,II are complex values given by

r
(n)
1,β,II= h̃Bβ

√
2PB<{s(n)

B }+(2−α)h̃D
√
PD<{s(n−1)

B }, (72)

r
(n)
2,β,II = h̃D

√
PD<{s(n)

α }. (73)

A. Protocol
• Time slot 1: the BS broadcasts its precoded data x(1)

B,II =

f1(s
(1)
B ) to the DUs and C2.

• Time slot 2: the BS transmits precoded signal x(2)
B,II =

f2(s
(2)
B ) as (66); D1 applies the precoding in (67) and

transmits the composite signal x(2)
1,II = g(s

(1)
B , s

(2)
1 ); C2

detects s
(2)
B via Theorem 1 and space-time processing

(Section V-B); D2 detects s(2)
1 via Theorem 1 and SIC

(Section V-C).
• Time slot 3: the BS transmits precoded signal x(3)

B,II =

f2(s
(3)
B ) as (66); D2 applies the precoding in (67) and

transmits the composite signal x(3)
2 = g2(0, s

(3)
2 ); C2

detects s(3)
B via Theorem 1 and space-time processing in

Section V-B; D1 detects s(3)
B and s(3)

2 via Theorem 1 and
SIC technique (Section V-C).

• The progress of time slot 2 and time slot 3 repeats
alternatively until time slot L.

• Time slot L + 1: Dα applies the precoding in (5) and
transmits the signal x(L+1)

α = g(s
(L)
B , s

(L+1)
α ).

By exploiting the special signal space structure (Theorem
1), both DUs and CUs can decode the cellular and D2D data
separately (D2 separates the cellular data contained in the
signal from D1).

B. Space-Time Processing at CU

Using Rule-1 of Theorem 1, r(n)
1,C,II and r(n)

2,C,II in (68) can
be separated using (1). To decode cellular data from r

(n)
1,C,II ,

we rewrite all the r(n)
1,C,II in L+ 1 time slots as

r1,C,II = HIIsB + NC , (74)

where HII can be derived from H in (15) by applying C2 = 0.

HII =



CB 0 · · · 0 0

C1 CB
. . . 0 0

0 0
. . . 0 0

...
...

. . .
...

...
0 0 · · · C1 CB
0 0 · · · 0 0


. (75)

After replacing H by HII , the results for forward decoding
in (16) or Babai estimator [39] can be applied in this Case.
Then the final data detection can be derived from (18) after
replacing H by HII .

C. Decoding at CU and the Feasible Region for D2D Power
Scale Coefficient

Using Rule-2 of Theorem 1, r1,β,II and r2,β,II in (69) can
be separated using complex field network coding. For example,
it is easy to decode s(n)

α from (73).
When α = 2, r(n)

1,β,II = h̃Bβ
√

2PB<{s(n)
B }. Thus, decoding

s
(n)
B from r

(n)
1,β,II is simple.

When α = 1, r(n)
1,β,II equals r(n)

1,β in (12). Thus, decoding
s

(n)
B from (72) is the same as the method in Section III-C.

Considering this SIC method, the feasible region for D2D
power scale coefficient η equals that derived in Section III-D.

D. Performance Results
1) Diversity-Multiplexing Tradeoff Analysis for CU: Con-

ditioned D1 correctly decoding the message, Case II mimics
a multiple access MIMO channel (75). To characterize the
achievable DMT, similar to [36] we consider an (m+ 1)×m
MIMO channel matrix Hm in the same form as (75). Fur-
thermore, let Mm+1 = Im+1 + 1

2ΣSΣ−1
n , where

∑
S and∑

n denote the covariance matrices of observed signal and
noise components at the receiver, respectively. We assume that
each source message snB is chosen from a Gaussian random
codebook of codeword length l.

As shown in Appendix III, the upper bound on the ML
conditional pair-wise error probability can be calculated by

PPE|vC ,vC1
≤ det

(
Im+1 +

1

2
ΣSΣ−1

n

)−l
=

(
1+

PBh
4
C

4σ4
+
PBh

2
C

σ2
+
PDh

2
C1

4σ2

)−m
2
l

.
= SINR−

m
2
l(max{2(1−vC),1−vC1})+ , (76)
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1

vC1 = 1

vC1 
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1 - r(L+1)/L
1

0.5

0

vC  = 1-  r(L+1)/L

vC1 - 2vC = -1

A

vC + vC1 = dA

vC1 - 2vC = -1
vC1  = 1-  2r(L+1)/L

1

vC = 1

vC1 

vC 

1 - 2r(L+1)/L

1

0.5

0

B

vC + vC1 = dB

(a)  2(1 - vC ) ≥  1 - vC1 (b)  2(1 - vC ) ≤  1 - vC1 

Fig. 7. Linear programming (LP) for calculating do(r). For each case,
the dashed line denotes the final translation location for the objective
function. Both the optimal solutions (A and B) for two cases both(

1− 2L+1
L
r, 1− L+1

L
r
)

. Thus, dA = dB = 1 − 2L+1
L
r + 1 − L+1

L
r =

2− 3L+1
L
r is the optimum of LP.

where .
= denotes asymptotic equality in the high SNR regime,

and ≤̇, ≥̇ are similarly defined.
We assume each snB is transmitted with data rate R bit

per channel use (BPCU). Since it takes L + 1 time slots to
transmit L symbols, the average transmission rate is R =
L
L+1 . On assuming that average transmission rate changes as
R = r log2 (SINR) with respect to SINR, then we get R =
L+1
L r log2 (SINR). Therefore, we have a total of SINR

L+1
L rml

codewords. Thus, the error probability can be bounded by

PE|vC0,vC1
≤̇SINR−l(

m
2

(max{2(1−vC),1−vC1})+−
L+1
L

rm). (77)

Next, we identify the outage events that dominate the error
probability, i.e.,

PE≤̇PO. (78)

Please see Appendix IV for details, and this set is given by

O+ = {(vC , vC1) ∈R2+
∣∣∣(max{2(1− vC),

(1− vC1)}
)+ ≤ 2(L+ 1)

L
r
}
. (79)

Now using (79), (111) and linear programming (see Fig. 7),
do(r) can be calculated as

do(r) = 2

(
1− 3

2

L+ 1

L
r

)+

, (80)

Remark 6. The closed-form expression of the achievable DMT
(80) indicates that the proposed D2D aided two-hop cellular
transmission achieves a multiplexing gain of 2

3
L
L+1 , which

converges to 2
3 as L → ∞. The single relay aided cellular

transmission achieves a full diversity of two. As shown in Fig.
8, although there is a gap between the DMT performance and
2×1 MISO upper bound, the diversity is improved, compared
with cellular direct transmission and half-duplex DF relaying.
Although the maximum multiplexing gain 2

3 is inferior to direct
transmission and Case I, it is superior to that of half-duplex
DF relaying.

2) SEP and Throughput with HCFNC for DU: Comparing
(69) with (9), we find that the difference uniquely exists
between r

(n)
2,β and r

(n)
2,β,II . Thus, we can adopt the SEP and

throughput from the results of Case I.
Eq. (69) can be rewritten as
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Fig. 8. DMT performance for CU in Case II. The DMT curves for our
proposed scheme are shown in dot lines.

y
(n)
β,II = X

(n)
II +N

(n)
β , (81)

where X
(n)
II = 1√

2

(
u

(n)
1,II − ju

(n)
2,II

)
, X

(n)
II ∈ AX,II ,

u
(n)
1,II = h̃Bβ

√
2PB<{s(n)

B }+(2− α)h̃D
√
PD<{s(n−1)

B } , u(n)
2,II =

h̃D
√
PD<{s(n)

α }. Assuming X
(n,II)
a and X

(n,II)
b are two

realizations for X(n), and u(n)
a,II and u(n)

b,II are two realizations
for u(n)

II = [u
(n)
1,II , u

(n)
2,II ]

T, the SEP of X(n)
II is given by

P
(n)
e,II≤

1

2Nn

2∑
k=1

k

Nn,II∑
a=1


Nn,II∑
b=1

‖u(n)
a,II
−u(n)
b,II
‖0=k

Q

dX(n)
II

ab

2
√
σ2


 , (82)

where Nn,II = |AX,II | and d
X

(n)
II

ab denotes the Euclidean
distance between X(n)

a,II and X(n)
b,II in the constellation of X(n)

II .
Define the throughput T (n) of the D2D link as the average

number of successfully transmitted symbols in one time slot.
The average throughput of the D2D link over L+1 time slots
can then be given by

TD,II ≥
1

L+1
×

L+1∑
n=2

1− 1

2Nn,II

2∑
k=1

k

Nn,II∑
a=1


Nn,II∑
b=1

‖u(n)
a,II
−u(n)
b,II
‖0=k

Q

dX(n)
II

ab

2
√
σ2



. (83)

Remark 7. Similar with Remark 3, the lower bound for DU
throughput (43), approximated as L

L+1 in high SINR regime,
approaches 1 sym/TS. Then, DU can access cellular spectrum
in each time slot to exchange its data for local services, which
infers that D2D system gains full spectrum access opportunity.
The numerical results in Fig. 9 verify the analysis, and show
that the performance of Case II is inferior to Case I. This can
be explained by the difference between r(n)

2,β and r(n)
2,β,II , which

differs the variances of dX
(n)

ab and dX
(n)
II

ab . In BPSK comparison,
both of our schemes can achieve higher D2D spectrum access
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Fig. 9. The average throughput for DU in Case II compared with Case I.
Simulation parameters are set the same with Fig. 3.

opportunity than three previous works.

3) Achievable Rate for CU Channel: the achievable rate
for the broadcast phase can be calculated as

RC,II =
1

L+ 1
log2

(
det

(
IL+1 +

1

σ2
HIIHH

II

))
=

1

L+ 1
log2 |MII | (bit/s/Hz), (84)

where MII is given by

MII =


B4 04 · · · 04 02

04 B4 · · · 04 02

...
...

. . .
...

...
04 04 · · · B4 02

0T2 0T2 · · · 0T2 1

 , (85)

with B4 =

[
1 +

C2
B

σ2
C1CB
σ2

C1CB
σ2 1 +

C2
1+C2

B

σ2

]
, 04 =

[
0 0
0 0

]
, and 02 =

[0, 0]T . Then, RC can be calculated by

RC,II =
1

L+ 1
log2 |B4|

L
2

=
L

2(L+ 1)
log2 |B4| , (86)

where |B4| =
(

1 +
C2
B

σ2

)2

+
C2

1

σ2 =
(

1 + PBgc
σ2

)2

+ PDgC1

σ2 . As
L ∈ (2,∞), the bounds for RC,II exist:

1

3
log2 |B4| < RC,II <

1

2
log2 |B4|. (87)

Remark 8. The numerical results in Fig. 10 show that the CU
achievable rate in Case II is rather inferior to that of Case I.
This is because only one DU in Case II is utilized to relay CU
message. Consider that CU in Case II broadcasts its data in
each time slot. On one hand, multiplexing gain is higher than
1
2 and thus the data rate is higher than half-duplex relaying
system, if the channel condition of direct-path is good enough.
On the other hand, half of the data broadcast by DU is not
protected by the diversity, because half of these data are only
forwarded by cellular direct-path. From the comparison with
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Fig. 10. Achievable rate for CU in Case II compared with Case I. Simulation
parameters are set the same with Fig. 4.

previous schemes, it is easy to find that choosing larger frame
length L can help Case II to outperform other schemes.

VI. CONCLUSION

We have proposed a successive spectrum sharing scheme
that allows a pair of DUs to fully access cellular spectrum
while enhancing the CU capacity. Based on two-path succes-
sive relaying, the two DUs forms a ‘virtual full-duplex relay’
to not only gain their own transmission opportunity via the
inter-relay interference channel, but also to support the full-
duplex CU transmissions with full diversity. To avoid the intra-
cell interference between cellular and D2D links, we proposed
a hybrid complex network coding technique which ensures that
the CUs have first priority and avoid DU interference. We con-
sidered two primary cases depending on whether both DUs are
decoding or not, and derived the DMT for cellular link, symbol
error probability for HCFNC strategy, and the throughput of
the D2D link. Our performance analysis and numerical results
show that in Case I: 1) the cellular link achieves the 3×1 MISO
DMT with full diversity; 2) the cellular link achieves full-
duplex mode even though all DUs are half-duplex; 3) cellular
link is interference-free from DU access due to HCFNC; and
4) the cellular priority is guaranteed and cellular users are
incentivized for spectrum sharing; 5) DUs gain full spectrum
access opportunity. For all these reasons, Case I has the most
potential realizability in practice. The performance of Case
II depends much on the cellular direct-path, and thus it can
be adopted appropriately when D2D access is urgent and the
cellular channel is not subject to deep fading. While Case II
is a necessary complement to Case I, but if two suitable DUs
exist, Case I is a win-win strategy.

APPENDIX I: PROOF OF LEMMA 1

Eq. (21) can be rewritten as
gmax

gmin
≥ 2R

tar
D − 1. (88)
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A. 2PB |hBβ |2 ≥ PD|hD|2 (case-i)

In this case, we have gmax = 2PB |hBβ |2, gmin = PD|hD|2
and

η =
PD
PB
≤ 2|hSβ |2

|hD|2
. (89)

Considering gmax and gmin, the inequality for η can be derived
from (88) as

η ≤ 1

2R
tar
D − 1

2|hSβ |2

|hD|2
. (90)

Thus, we have the following feasible region

0 < η ≤

{ 2|hSβ |2

|hD|2
, 0 < RtarD ≤ 1,

1

2
Rtar
D −1

2|hSβ |2

|hD|2
, RtarD > 1.

(91)

B. 2PB |hBβ |2 ≤ PD|hD|2 (case-ii)

In this case, we have gmax = PD|hD|2, gmin = 2PB |hBβ |2
and

η =
PD
PB
≥ 2|hSβ |2

|hD|2
. (92)

Considering gmax and gmin , the inequality for η can be derived
from (88) as

η ≥
(

2R
tar
D − 1

) 2|hSβ |2

|hD|2
. (93)

Then, we have the following feasible region

η ≥

{ 2|hSβ |2

|hD|2
, 0 < RtarD ≤ 1,(

2R
tar
D − 1

)
2|hSβ |2

|hD|2
, RtarD > 1.

(94)

Based on the results of case-i and case-ii, the feasible region
for η is given by

η∈

{
R+, 0 <RtarD ≤ 1,(

0, G

2
Rtar
D −1

]⋃[
(2R

tar
D −1)G,∞

)
, RtarD > 1, (95)

where G =
2|hSβ |2
|hD|2 .

APPENDIX II: DERIVATION OF (59)

The normalized equivalent MIMO channel (58) is approxi-
mated by

H̃c ≈


H̃0

H̃1

. . .
H̃1

 , (96)

where

H̃0 =


C̃B
σ

0
C̃1√
λ1

C̃B√
λ1

0 C̃2√
λ2

 , H̃1 =


C̃B√
λ2

0
C̃1√
λ1

C̃B√
λ1

0 C̃2√
λ2

 . (97)

We evaluate the determinant of the tridiagonal martix as [12]

det
(

IL+1 + H̃cH̃
H
c

)
≈ |B1| · |B2|

L−2
2 , (98)

where |B1| = det
(
I3 + H̃0H̃

H
0

)
= 1 +

C̃2
1

λ1
+

C̃2
B

λ1
+

C̃2
2

λ2
+

C̃2
1 C̃

2
2

λ1λ2
+

C̃2
B

σ2 +
C̃4
B

λ1σ2 +
C̃2

2 C̃
2
B

λ2σ2 and |B2| = det
(
I3 + H̃1H̃

H
1

)
=

1 +
C̃2

1

λ1
+

C̃2
B

λ1
+

C̃2
2

λ2
+

C̃2
1 C̃

2
2

λ1λ2
+

C̃2
B

λ2
+

C̃4
B

λ1λ2
+

C̃2
2 C̃

2
B

λ2
2

. Then, the
achievable rate can be approximated by

R̃′C =
1

L+ 1
log2

{
|B1| · |B2|

L−2
2

}
=

1

2
log2 |B2|+

1

L+ 1
∆R̃, (99)

where ∆R̃ = log2

(
|B1||B2|−

3
2

)
.

APPENDIX III: DERIVATION OF (76)

Σ−1
n =

1

σ2
Im+1, (100)

ΣS|CB ,C1
=



C2
B 0 0 · · · 0 0 0

C1CB C2
B 0 · · · 0 0 0

0 0 C2
B · · · 0 0 0

...
...

...
. . .

...
...

...
0 0 0 · · · C2

B 0 0
0 0 0 · · · 0 C2

B 0
0 0 0 · · · 0 C1CB C2

B

0 0 0 · · · 0 0 0


, (101)

Mm+1|CB ,C1
=


H4 04 · · · 04 02

04 H4 · · · 04 02

...
...

. . .
...

...
04 04 · · · H4 02

0T2 0T2 · · · 0T2 1

 , (102)

where H4 =

[
1 +

C2
B

4σ2
C1CB
4σ2

C1CB
4σ2 1 +

C2
1+C2

B

4σ2

]
, 04 =

[
0 0
0 0

]
, and

02 = [0, 0]T . Thus, considering CB =
√

2PB |hC | and C1 =√
PD|hC1|, (76) can be rewritten as

PPE|CB ,C1
≤
∣∣(Mm+1|CB ,C1

)∣∣l =
(

1 · |H4|
m
2

)−l
=

(
1+

PBh
4
C

4σ4
+
PBh

2
C

σ2
+
PDh

2
C1

4σ2

)−m
2
l

. (103)

Based on h2
C

.
= SINR−vC , h2

C1
.
= SINR−vC1 and PD =

ηPB , we can further derive

PPE|vC ,vC1
≤
(

1+
PBh

4
C

4σ4
+
PBh

2
C

σ2
+
PDh

2
C1

4σ2

)−m
2
l

.
=

(
SINR2(1−vC)

4
+
ηSINR1−vC1

4

)−m
2
l

.
=SINR−

ml
2

(max{2(1−vC),1−vC1})+. (104)

APPENDIX IV: ANALYSIS REGARDING (78) AND (79)
The event corresponding to PE|vC ,vC1

contains O and Oc,
where O denotes the outage event, and Oc denotes the non-
outage event. Using Bayes’ rule, PE can be upper-bounded
as

PE = POPE|O + PE,Oc ≤ PO + PE,Oc . (105)

Thus, (78) can be guaranteed, if the outage event O is chosen
such that PO dominates PE,Oc , i.e.,

PE,Oc≤̇PO. (106)
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In order to characterize O ensuring (106), we should exam-
ine the probability PE|Oc

PE,Oc =

∫
oc+

PE,O|vC ,vC1
fvCfvC1dvCdvC1, (107)

where fvC
.
= SINR−vC and fvC1

.
= SINR−vC1 [45] are the

probability density function (pdf) of vC and vC1 respectively.
Using (77), (107) can be rewritten as

PE,Oc
.
=

∫
oc+

PE,O|vC ,vC1
SINR−(vC+vC1)dvCdvC1,

≤̇
∫
oc+

SINR−de(r,vC ,vC1)dvCdvC1, (108)

for

de(r, vC , vC1) = (vC + vC1) +ml×(
1

2
(max {2(1− vC), 1− vC1})+−L+ 1

L
r

)
. (109)

Now PE,Oc is dominated by the term corresponding to the
minimum value of de(r, vC , vC1) over Oc+:

PE,Oc≤̇SINR−de(r) for de(r) = inf
vC ,vC1∈Oc+

de(r, vC , vC1). (110)

The outage probability PO can be expressed as [45]

PO
.
= SINRdo(r) for do(r) = inf

(vC ,vC1)∈O+
(vC + vC1). (111)

Comparing (110) and (111), we note that for (106) to be
satisfied, O+ should be chosen as

O+ = {(vC , vC1) ∈R2+
∣∣∣(max{2(1− vC),

(1− vC1)}
)+ ≤ 2(L+ 1)

L
r
}
.

For ∀(vC , vC1) ∈ Oc+, it is possible to choose m or l to make
de(r, vC , vC1) arbitrarily large, satisfying (106). Thus, (78)
can be guaranteed by choosing (vC , vC1) ∈ Oc+, which means
the error performance is dominated by the outage probability.
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