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Exploiting Spectrum Access Ability for
Cooperative Spectrum Harvesting
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Abstract— Spectrum harvesting is needed for large-scale wire-
less networks to access underutilized spectrum and support
multiple heterogeneous users. Cooperative spectrum harvesting
(CSH) allows for improved co-channel existence and intra-/inter-
cell interference mitigation, which dramatically improves spectral
efficiency. However, good performance metrics to quantify CSH
schemes are not available. For example, existing metrics such
as data rate, error/outage probability, and multiplexing/diversity
gains may not clearly distinguish large signal-to-interference-
plus-noise ratio (SINR) scenarios and sum-rate performance
for multiple links. To overcome these limitations, we propose
two new metrics called spectrum access level (SAL) and user
participation level (UPL). The advantages of these metrics are:
1) achieving distinct upper bounds for multiple links; 2) upper
bounds being evaluated directly by basic CSH system model; and
3) determining the performance at any power level of CSH
schemes even if they are not interference exempt. Moreover,
a novel CSH system model is conceived to achieve satisfy-
ing spectrum access ability based on SAL and UPL, and an
interference-exempt scheme is designed to achieve relevant upper
bounds. Numerical results verify the efficiency of SAL and UPL,
and the spectrum access ability of proposed system model with
interference-exempt scheme.

Index Terms—Spectrum harvesting, spectrum sharing,
cooperative communications, signal space diversity, interference
cancellation.
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I. INTRODUCTION

UTURE wireless networks (fifth generation (5G) and

beyond) must support tremendous numbers of high-rate
data-hungry mobile applications, such as online virtual reality,
social media services, 4K-resolution video streaming and
others. Thus, these networks must improve, compared to
previous wireless generations, spectral efficiency by ten fold
and cut the costs by 100 fold or more [1], [2]. However,
because these network will employ heterogeneity, dense device
deployment and experience massive interference, spectrum
scarcity emerges as a key bottleneck to satisfy the rapidly
increasing spectrum demands on congested spectral bands.
Hence improving the potential capacity and reducing outage
by harvesting the limited spectral resource are both crucial
challenges and opportunities.

A. From Spectrum Harvesting to Cooperative Spectrum
Harvesting

Spectrum harvesting involves a collection of advanced
technologies that can efficiently harvest the underutilized spec-
trum, which includes spectrum sensing, spectrum management
and spectrum sharing [3]-[8].

Different from the other two approaches, spectrum sharing
particularly emphasizes on performance guarantee for both
primary and secondary sides in underlay networking, spectrum
trading [9] and spectrum leasing [10] scenarios. Among these
specific scenarios, spectrum trading and spectrum leasing
are also known as strategies for cooperative spectrum shar-
ing [11], which are designed based on mutually beneficial
exchange, such as the exchange in spectrum trading (i.e., price

spectrum . .

= demand) and the mutual benefit in spectrum leasing

trading

. . - spectrum .

(i.e., exclusive transmission phase B relaying benefits).
easing

Since spectrum leasing necessitates that the secondary users
(SUs) offer their aid in primary transmissions instead of
monetary payment, it may be more suitable for implementing
cost-efficient secondary access with full cooperation between
PUs and SUs.

Likewise, to more efficiently harvest the underutilized spec-
trum and incentivize win-win spectral coexistence, the para-
digm of cooperative spectrum harvesting (CSH) [12] can be
established on a basis of collaborative co-channel access, full
multi-user cooperation and advanced interference mitigation
technologies. In CSH, SUs relay primary data and improve
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TABLE I
KEY FEATURES OF SPECTRUM LEASING AND CSH

strategy SU function offering from PUs interference type
spect.rum relgymg PUs allqwance for S.Us tfansmlssmn PU = PU, SU = SU
leasing | data in two phases in an exclusive third phase
CSH relaying PUs’ allowance for SUs’ transmission | PU & PU, SU & SU
data in two phases in PUs’ relaying phases SU = PU

the performance of primary user (PU) and, in return, obtain
spectrum access opportunities [13]-[22]. Although the key
features of CSH seem similar to spectrum leasing (Table I),
CSH may have distinct advantages in compressing the sec-
ondary transmission phase into primary relaying phases and
letting multiple SUs and PUs access the same spectral
resources simultaneously, and is thus believed to offer a
cost-effective and spectral efficient perspective in exploiting
spectrum access ability [12], [23]-[25].

Zhai et al. [17], Pei and Liang [18], Ma et al. [19], and
Duan et al. [26] proposed fundamental schemes for CSH,
where the essence and fundamental approach is spectrum
access regarding co-channel interference (Table I). Moreover,
to provide more efficient spectrum utilization, it is also
beneficial if we overcome the half-duplex time efficiency
loss incurred by SU’s relaying. Performance evaluation is
critical for good characterization and improvement of CSH
systems, and the advantages, drawbacks and special features of
CSH should be addressed. To this end, we summarized the
above-mentioned factors of system design and evaluation as
main factors (F1-F5).

¢ (F1): Drawback - Time Efficiency Loss.
Although CSH offers additional gains for primary and
secondary systems, a symbol reception takes more
phases. Accordingly, two kinds of time efficiency loss
can be measured, which are originated from:

1) two-hop transmission - additional hop requires an
extra phase and decreases the rate (symbol/phase)
(e.g. % duplex loss induced by half-duplex relaying);
2) phase underutilization - symbols of PU and SU
can only be transmitted in certain phases (say 7py
and Ty respectively) during cooperative phases 7

(Te = Tpu U Tsv).
We use D, and P, (x € {PU, SU}) to represent the
two factors of time efficiency loss respectively, where
0<D,<land 0 <P, = ‘lil‘ < 1. Then, the time
efficiency loss for user * can be evaluated by 7. =
P, x D,. For instance, in a three-phase CSH scheme [26],
primary symbols are transmitted in the first two phases
(|Tpu| = 2), and SUs! obtain access permission only in

the third phase (|Tsy| = 1), resulting in Ppy = ‘I?”I-JI‘ =2
and Psy = % = % It is straightforward to derive that

Dpy = 3, Dsu =1, 7py = 3 and 75y = 3.
o (F2): Drawback - Excessive Interference.
To recover the time efficiency loss (F1), some CSH

schemes may maximally overlap the transmission phases

!For simplicity, we assume only one pair of SUs exists in this model.

for PUs and SUs, ie. Tpy = Tsy = T. (P = 1),
however, resulting in severe mutual interference, say CSH
interference (CSHI). CSHI can have a massive impact
and impedes the ultra-dense deployment of nodes. Thus,
a CSHI mitigation strategy is essential.
To focus on the evaluation of CSHI mitigation, one may
consider two conditions: 1) ignore interference from other
CSH group (F3); and 2) assume infinite transmit power to
examine performance bounds. Then, if a CSH strategy is
successfully designed for CSHI-exemption, the SINR will
be infinite; otherwise, it is limited to a floor (the rule
in (F4)).

o (F3): CSH Group with Fixed Number of Users.
If PUs and SUs reach an agreement for CSH strategy C,
share a fraction of primary frequency/time resource F7,
and can cooperate with each other following (F4),
we define a CSH group as Nesy = Npy U Nsur U Nsus
where NVpy denotes PUs joining in C, Nsy, denotes SUs
acting as relays for PUs in Npy, and Nsy, denotes the
SUs having permission from C to transmit or receive
over F7.
One major purpose of CSH is making the number of
accessed PUs and SUs over F7 as large as possible,
which is highly dependent on protocol design and CSHI
mitigation on C. If no more users can be accessed by
existing CSH strategies, this ‘fix number’ of maximized
CSH group directly reflects the ability of spectrum access
for each CSH strategy. For instance, in CSH model,
Pei and Liang [18] designed a protocol with at most one
SUs (JNsu,| = 1) acting as PU’s relay and sharing the
spectrum of two PUs (JNpy| = 2).

o (F4): Rule - Matched Transmit Power.
To overcome high propagation loss, in CSH, SUs assist
primary transmission [27]. To establish this user cooper-
ation in a CSH group,’ the transmit power levels of all
nodes may follow the rule: for Vm € {1,-- -, |Npy|} and
Vn e {1, -, |NsusUNsu,|}, the transmit power of m-th
PU and n-th SU must satisfy ©(Pp,,) = O(Ps,,)*=cP,
where P is a reference power and ¢, P € RT. If this
rule is unmatched, CSH cooperation with heterogeneous
transmit power levels may not be established properly
on the same channel. For instance, if P, o~ P3

sn?

the n-th SU’s signal with power P, vanishes as the

2The cooperation in overlay strategy would be established on condition that
nodes follow some common rules in C, even though they are heterogeneous.
According to protocol design, rules can be chosen from: making transmit
power compatible with other nodes, getting synchronization with all nodes,
being aware of other nodes’ codebooks and so on.

3Recalling Knuth’s notation [28]: ©(f(x)) = {g(z) : 3c1,c2,n0,0 <
o1 f(z) < gla) < e2 f(x),Ye > 20).
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power of m-th PU raises faster (in mutual interference
environment or with superposition coding strategy).

o (F5): Bound Conditions — Asymptotic Performance of

Multiple Links.

CSH is a suitable approach to further increase both the
capacity per link and the number of links per CSH group
by sharing spectrum with unlicensed user. However, this
increase is limited by CSHI and can never exceeds the
performance of a CSHI-exempt model. Based on this
concept, we could define simple upper bound conditions
for the performance of CSH spectrum access as: 1) item
using maximal transmit power (P — o©0); and 2) item
assuming CSHI-exempt. Although the two conditions
are rather ideal and may not valid for a specific CSH
model/group, they are essential in determining the per-
formance bounds.

However, (F2-F5) jointly lead to an infinite SINR case
(yr — o0), which is hard to clearly distinguish the perfor-
mance of different CSH schemes. To characterize and improve
the general and asymptotic spectrum access performance
of CSH, proper performance metrics are needed. Moreover,
the performance metric should be able to reflect the time
efficiency loss in (F1).

B. Existing Performance Metrics

Data rate and error/outage probability are the most common
performance metrics to determine the relative benefits of a
CSH model [29]. Although these metrics are important, they
do not tell the whole story of the CSH spectrum access per-
formance. Recalling the main problems and features of CSH,
one should determine the performance bounds, which may
typically consider the conditions in (F5). Although the extreme
case in (F5) may not exist in practice, they can be used as
benchmark scenarios of how much a CSH model can improve
its performance to the maximal extent by optimizing their
protocol design and interference mitigation. Whereas, in terms
of data rate/spectrum efficiency and error/outage probability
metrics, fundamental bottlenecks emerge in these cases, and
we have the following observations.

o The upper bounds of data rate and spectrum efficiency
for different schemes are infinity, which can be explained
as: R o logy(1 + 77) is monotonically increasing with
respect to vy with conditions in (F2).

o The lower bounds of error/outage probabilities for differ-
ent schemes are zero (Pg/Pr — 0).

Thus, we find an interesting problem: the best performance
(i.e. the bounds), these bounds may not distinguish among dif-
ferent CSH models. Therefore, the relative gaps of CSH tech-
niques can not be obtained.

Unlike these metrics, multiplexing and diversity gains [30]
can be distinct when ; — oo in CSHI-exempt scheme,
but they are inadequate to describe spectrum access ability
considering (F5). At high SINR regime, multiplexing and
diversity gains characterize the performance of a pair of
users well. However, if a CSH system needs to justify its
performance considering multiple links, phases to finish a
cooperative transmission and the sum of transmitted symbols,
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better metrics should be proposed to exhibit the sum spectrum
access ability and to exhibit distinct values for different CSH
system model at high transmit SINR/power.

CSH encourages more concurrent co-channel access, less
outage due to intra/inter-cell interference and better support
for dual-hop cooperation, which motivates us to survey related
metrics in [31]-[33]. Transport capacity is devised as the sum
over each link of the product of the throughput per link times
the distance between source and destination [31], typically
resulting in an asymptotic scaling law as O(\/X), where A
is the density of transmitting nodes. However, their physical
model focuses on a deterministic SINR model and thereby
precludes the occurrence of outage [31], [34], which is not
suitable for evaluating the upper bound of CSH spectrum
access performance. Transmission capacity ¢ = Ab(1 — ¢)
[32] characterizes the density \° of successful transmissions
of a fixed spectral efficiency b and is subjected to a fixed
outage probability constraint € € (0,1), but it is normally
evaluated by considering a snapshot of a single-hop network.
Moreover, considering (F3), A is also fixed in a CSH group,
and thus ¢ in this CSH scenario is more like a predetermined
value than a performance metric. Random access transport
capacity C*" = p,\,, log,(1+77) R [33] captures the effect of
outage and transmission range on the end-to-end throughput
performance, where p,, A\, and R denote success probability,
density of interfering nodes and point-to-point distance respec-
tively. Nevertheless, performance bound of C*" approaches
infinity considering (F2) and (F5), and how to characterize
multiple concurrent access considering (F5) is still undefined.

In CSH scenarios, we are more interested in the maximal
concurrent access ability of network considering relaying,
outage and numbers of co-existing devices. Although existing
metrics accurately and instructively characterize most of the
wireless scenarios, they are insufficient concerning the evalu-
ation and design of CSH system models and schemes.

C. Key Ideas

Based on special features in (F1-F5) and existing metrics,
the supplementary performance metrics for CSH must be able
to

1) distinguish spectrum access ability of different CSH
models at high transmit power, and find the specific
bounds of spectrum access performance of a specific
CSH system model,

2) reflect the time efficiency loss, the outage caused by
CSHI and number of user pairs a CSH group can
support,

In response to all the above questions, the contributions of this
paper are as follows.

o For CSH systems, spectrum access level (SAL) is defined
to capture the effect of CSHI and time efficiency loss,
and can reflect the “capacity” of accessed links, which
also has different upper bounds. SAL is close in meaning
to the amount of maximal average exchanged data per
cooperative phase, threading all the successful links.
In addition, we define the user participation level (UPL)
proportional to SAL per user.
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o Upper bounds for SAL and UPL are derived for several
CSH schemes. These upper bounds can also be deter-
mined directly from CSH models and protocols and may
help to tentatively and preliminarily judge the highest
performance of a specific CSH model.

o« We propose a novel CSH system model that achieves
the highest SALs compared to existing CSH models.
To achieve the upper bound of SAL for proposed model,
we design a novel CSHI mitigation strategy by exploit-
ing source conferencing [35], [36] and signal space
diversity [37] techniques.

This paper is organized as follows. Section II introduces
the SAL and UPL metrics, where the upper bounds of SAL
and UPL for existing CSH schemes are also summarized. The
CSH system model and CSHI-exempt scheme are presented
in Section IIl, and the performance evaluations are given
in Section IV. We provide the numerical results to verify the
proposed metrics and CSH system models with CSHI-exempt
scheme in Section V. Section VI concludes the paper.

Notations: E{x}, R{x} and I{x} denote the statistical
expectation, real part and imaginary part of x. |X| denotes
Card(X) for set X. Variables with bar (e.g. X) are upper
bounds for origin variables (e.g. X).

II. SPECTRUM ACCESS LEVEL AND USER
PARTICIPATION LEVEL METRICS

Consider a CSH group Ncsy with primary nodes Npy and
secondary nodes Nsy = Nsu,r U Nsuy. Successful transmis-
sions take place at rate Ry, bit/s/Hz. Optimal power control
is beyond the scope of this paper, because we intend to
get general conclusions of the spectrum access ability for
different CSH approaches. Perfect CSHI mitigation strategy,
if exist, can be used to possibly obtain SINR v; — oo
when transmit power level P — oo and (F2) is considered.
We use P — oo instead of v — oo, because it is much
easier for a scheme to ensure high transmit power level than
directly to improve SINR. According to (F3), nodes in Ncsy
have wireless communication interfaces working on the same
band [38].

In the k-th phase, primary/secondary links link € Eik) -
N, x N, (x € {PU, SU}) can be defined, where £ is the
set of active links in the k-th phase. Then, we denote Eiks) C
E,Ek) as links with successful transmission (e.g. not in outage),
and denote &, as the set of all active links during cooperative
phases T.. Note that in multi-hop cases, E,Ek) contains only
the active hop of the primary/secondary multi-hop links in
phase k. Since transmissions are on the same frequency, only
time resource is considered, i.e., FT = T.. T, = {1, ...,|T.|}
is the set of phases for user cooperation and SUs’ reward.*
When an arbitrary transmitting node sends independent data to
its receiver, link is established with an error/outage probability
PRl(frzk(’Ylmk) caused by CSHI, as well as occupying phase
k € T.. Notice that there is directionality in link, i.e., links
of PU; — PU,; and PUy — PU; are different. v, is the

4For example, at least two phases are needed to finish a cooperative
transmission by employing SUs as a half-duplex relays and an additional
phase can be awarded to SUs for their own transmission (|7¢| = 3).
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SINR of link € &E’“). K l(i];)k is the average sum of transmitted
symbols of link € Sik) during the k-th phase. Assume that the
transmit powers of PU and SU satisfy Pp = P and Pg = nP,
where P is the power level in (F4) to guarantee the transmit
power of SU increasing in step with PU.

A. Definition of Spectrum Access Level

For evaluating the spectrum access ability for all
PUs or SUs, it is useful to remind transport capacity, transmis-
sion capacity and random access capacity (see Section [-B).
Likewise, in a CSH group Ncsy with users x € {PU, SU},
the average maximal quantity of symbols pumped over suc-
cessful end-to-end transmissions for all phases 7. can be
measured as

S=2 2

keTe. lznkefim

hm Klmk

_PRl(frzk('Yz(i];)k)] e))

Definition 1 (Spectrum Access Level): While  evaluating
the SAL, we limit each transmitter to send one symbol per
phase. The SAL A, can be defined as the average maximal
sum rate (symbol/phase) for all successful end-to-end
transmissions in E,:

A, = x € {PU, SU}. 2)

Rl
ITe|’

SAL shows the best spectrum access ability of a CSH model
for any CSH scheme.’ Then, A, can be simply viewed as the
average number of successful links per phase, indicating the
time efficiency loss factor 7.

Theorem 1 (Physical Interpretation for SAL): If 1) the
number of hops m each link is D,, 2) each link transmits
statistically Kk lmk = DL symbols® with the end-to-end
successful probability Ps,, . in phase k € T, and
3) the per phase average number of successful end-to-
end transmissions/links is E{|E. s|}, SAL is the number of
average successful links times time efficiency.

A, = E{|E. 4|} X 7, 3)

where T, = D, X P, is time efficiency loss factor defined
in (F1).
Proof' Based on (1), (2) and (F1), it is easy to obtain

i (k) (k) ¢ (k)
Z Z lgnoo Ky [1 = PRiink (’Vzm«)}

keTe lmkef(m

A, =
Tc|

T.| 1 k
_ || e || R X (E{|8£ )|}Psunk)

o % B{|€.4]}.

O
Moreover, if a CSHI-exempt scheme can be found for a
CSH model, we have

k
hm PRlznk ('yl(zn)k) = PRl(wzk( ) =0. (4)
SWe refer to a CSH model as network topology and protocols, and a
CSH scheme as cooperation behavior, coding and CSH mitigation strategies.
OThis is possible if we consider a D, hop link S-Ry - - Rp,—1-D and a
one hop link S-D, and each of them starts next transmission upon receiving
the acknowledge receipt of previous packet. Thus, the average transmit rate

for each hop is DL.
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TABLE 11
SPECTRUM ACCESS LEVEL
SAL (x€{PU, SU}) Implications for these metrics
a(P) SAL with specific power level P, for a specific CSH scheme.
A, Maximum SAL with maximal power, for a specific CSH scheme.
A, Maximum SAL with maximal power, if CSHI-free scheme exists.
Generally, assuming perfect interference mitigation user number enrolled in CSH strategy: N, = 2N, pqir, Where

approach exists, i.e., error/outage probabilities satisfying

Pr,,... = 0, the upper bound for a specific CSH model can
be achieved by
_ S e {PU,SU} (5
Riink =0 |TC| PR = , ’

Definition 2 (SAL With Any Power Level): Based on
Definition 1, the SINR of SAL may vary with transmit power
level P. Then, we have

(k) (k) (. (k)
Z Z Kl?ﬂk {1_7) lmk(’ylmk( )) .

|T | k€T, linke&.
(6)

Definition 3 (Achievable Upper Bound of SAL): For a
given CSH model, the upper bound of SAL is achievable
if there exists a perfect CSHI mitigation scheme with final
end-to-end SINR ~jiny, satisfying limp_, oo Viink(P) = oo for
Viink € E,, where x € {PU, SU} and P is the transmit power
level.

Definition 4 (Approaching the Upper Bound of SAL): For
a given CSH model with specific scheme, the SAL
can approach the upper bound with relative gap
§ = 10logo{(A. — A.) /A} dB, if the final end-to-
end SINR (Yiink) of this scheme satisfies: Ump_, o Yiink (P)
is a constant, where link € &,, x € {PU, SU} and P is
the transmit power level. Note that the gap represents how
efficiently the CSHI is mitigated, which can be a benchmark
of CSH scheme design.

Remark 1: The mathematical relation between a.(P), A,
and A, can be given as follows

A, = lim a.(P), for Condition-I, 7
P—oo
A, = A, . for Condition-II, (8)

PRk =
where Condition-1 is “assuming power approaches infinity”,
and Condition Il is “perfect CSHI mitigation scheme exists
and is applied to the CSH model”.
We also present Table II to conceptually distinguish these
proposed SAL metrics.

B. User Capacity and Participation Level for Cooperative
Spectrum Harvesting

Multiple PU and SU pairs can coexist in a CSH sys-
tem, which reflects a “capacity” for supporting a number of
user equipments reusing the same time-frequency resources.
We define the user capacity for CSH system as the equivalent

N pair 1s number of end-to-end links.”

The utilization of time-frequency resources per user can
reveal the spectrum access ability of each user, which also
plays an important part in the evaluation for a CSH model.
Then, based on user capacity and SAL, UPL can be defined
as

28, 24, — 24,
——— = ——and L, =
N, - N, " N.

Similar to the Definition 2, we define UPL with any transmit
power level as follows

Z Z Kl(z];?k |:1 - Pr l(fvzk (Pyl(fn)k (P))}v

keT linke&.

L:_

* ¢ {PU, SU}. (9)

*

TN | T|
(10)

where * € {PU, SU}. If CSHI exists, following Definition 4,
the gap between UPL L, and its upper bound L. can be
similarly defined as

§ = 10logyo(1 — L./L,) dB (11)

C. Discussions Based on CSHI Level

According to the definition of SAL, the “shortest board
of the barrel” is outage/error probability 7’725& (’yl(wzk(P))
of which the limit is highly dependent on the residual CSHI
level in SINR. Based on the level of CSHI, we can classify
CSH schemes into three classes.

1) CSHI-exempt. If a scheme is well-designed with effi-
cient CSHI mitigation strategy, the scheme can achieve
the upper bounds of SAL and UPL of the model. This
is because PRl(frzk('yl(z];)k(P)) will be zero if P — 0.

2) Less CSHI. If a scheme encounters indelible CSHI, its
rate or SINR will encounter a floor which indicates the
highest achievable value. If the CSHI is small and the
rate floor is much higher than R;;, the error/outage prob-
ability will remain in a level low enough to be neglected.
Then, the scheme can approach but not achieve their
upper bounds of SAL and UPL of the CSH model.

3) Severe CSHI. If a scheme encounters severe CSHI, its
rate or SINR will encounter a floor which indicates
the highest achievable value. If the rate floor is much
lower than R;j, the error/outage probability will remain
in non-negligible high level. Then, the SAL and UPL
of this scheme are far below their upper bounds of
CSH model.

TFor unicast, Ny pair = %\./\/;|; for multicast, Ny pqsr is the number of
transmitters because all recievers have similar behavior and can be viewed as
one user.
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TABLE III
BASIC PARAMETERS FOR SCHEMES

System model | |T.| U | Ssu

Npy | Nsu
1 3 1 1 2 2
2 2 1 1 2 2
3 2 2 2 2 2
4 L+1 L L 2 4
Proposed 2 4 2 4 2
TABLE IV
SAL AND UPL UPPER BOUNDS
System model | Apy | Asu | Lpu | Lsu
1 1/3 1/3 1/3 1/3
2 12 1/2 172 12
3 1 1 1 1
4 L | L | _L | _L _
L+1 | T+1 | L+1 | 2(L+1)
Proposed 2 1 1 1
SU @ 1st Phase
PU, PU, @ 2nd Phase
SUZ ® 3rd Phase
(a) The system model of Scheme 1
SU,
PUI O PU2 g de P]_})l]jse
su, ven Phase|
(b) The system model of Scheme 2
U
0
PU, O ©) 010 @ O PU, @ 0Odd Phase
su, d @ Even Phase
(c) The system model of Scheme 3
0dd Phase: SU,
PU, Py,
Su, Osu,
Even Phase: SU1 SU3
PU, | O PU,
Osu, ~@su;
(d) The system model of Scheme 4

Fig. 1. The basic system models of existing cooperative spectrum harvesting
schemes.

D. The Upper Bound of SAL/UPL for Existing CSH Models

If the CSH model and scheme are given, it is easy
and straightforward (see Remark 2) to determine the upper
bounds of the proposed SAL and UPL metrics using (F5),
Definition 3 and Theorem 1. The results of evaluation are given
in Table IIT and Table IV.

Here we  review several ~CSH  transmission
models [17]-[19], [26], which are shown in Fig. 1. For
a fair comparison, the direct-link between source and
destination and multi-antenna setting are neglected, and we
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represent user group as a single user if user group exist®
We refer to user group as all the users have the same
behavior within one phase, such as multiple relays or users
sharing a phase using TDMA, FDMA or CDMA.. Each
user is equipped with omnidirectional antenna with regard to
half-duplex mode. All transmissions within this network are
assumed to be synchronized [17].

System model 1 can be found in [26], where SUs’ trans-
mitters act as cooperative relays for the PU in the first
and second phases, and transmit their own data in the third
phase. In the first phase of system model 2 [19], the D2D
transmitter receives and decodes the signal broadcast by the
cellular transmitter, and then regenerates the cellular signal
and superposes it with the D2D signal. In the second phase,
D2D transmitter broadcasts the composite signal to the cellular
receiver and the D2D receiver. In the first phase of system
model 3 [18], a chosen SU receives the signal from both
PUs and the other SU simultaneously. In the second phase,
the chosen SU uses a fraction of its transmit power to forward
the PU signal, and uses the remaining power to transmit its
own signal to the other SU. System model 4 is illustrated
in [17], where two pairs of SUs get access to the spectrum
occupied by a pair of PUs. Two of the four SUs act as two-
path successive relays [39] and forward alternatively in even
and odd phases. The transmitting SU uses a fraction of its
transmit power to forward the primary signal, and uses the
remaining power to transmit its own signal to the intended
secondary receiver.

Remark 2 (Evaluating the Upper Bounds From CSH
Model): With the assumptions from Definition 1 Theorem 1
and Remark 1, the upper bounds of SAL and UPL can be
immediately evaluated by the CSH protocol and system model.

o Step 1: Establish Table III - From CSH model, it is
intuitive to determine |T.| and N.. S. can be directly
obtained by identifying the amount of symbols received
by transceiver during T.. For example, in Fig. 1(a), three
phases are occupied and two PUs and one SUs are
enrolled to finish one CSH transmission (which yields
|T.] = 3 and Npy = Nsy = 2). During T., only
one symbol can be received by primary and secondary
receivers respectively (which yields Spu =Ssu =1).

o Step 2: Calculate A, and L. - Based on (5) and (9),
we can obtain A, and L..

Remark 3: The SAL metric reveals how efficiently the spec-
trum is utilized by all considered users, while UPL metric
reflects the spectrum access ability of an individual PU.

Remark 4: From the results of Table Il and Table 1V,
we present some useful conclusions.

o UPL shows how “actively” the user participates in
spectrum utilization. If system parameters are chosen
as in Theorem 1, the upper bound of UPL indicates
average transmitted bits per user per unit time, i.e., UPL
also reveals the multiplexing gain to a certain extent.
Correspondingly, SAL means spectrum access efficiency.

8Some of the models are not designed for direct link scenarios, which may
increase SAL and UPL due to this additional link. We have to keep all the
system models under similar assumption for a fair comparison.
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The proposed system model.

Fig. 2.

o Assuming perfect CSHI mitigation, higher SAL corre-
sponds to larger number of supported communication
pairs per phase. Whereas, high SAL may not result in
high UPL, because UPL is guaranteed by every user
sufficiently exchanging information.

III. PROPOSED SYSTEM MODEL AND
THE CSHI-EXEMPT SCHEME

To achieve higher SAL compared to conventional
CSH models, the most intuitionistic method is to support as
many user pairs as possible on the same band. Such approach
provides very high SAL but suffer more CSHI. To exploit
the full performance of this CSH model, we need to design a
paradigm, i.e., a scheme well managing negative repercussions
caused by CSHI.

A. Proposed CSH Model and Hypotheses for CSHI-Exempt
Scheme

We consider one active secondary pair (SU;-SU,) tries
to share the time-frequency resource of two primary pairs
(PU;-PUy and PU3-PU,) via alternatively relaying. The
channel coefficients are assumed remaining static during
each frame [37] and the complex channel coefficients of
links PU;-SU;, PU,-SU;, PU3-SUy, PU4-SU,, PU;-PUS,
PU>-PU, and SU;-SU, are denoted by hpsl,hpsz, hps3,
hps,. hp,, hp, and hg respectively. Following [21] and [40],
we assume reciprocal channel, i.e., h;; = hj; for nodes i
and j. |hg| and Zk denote the amplitude and the phase of
channel coefficient hy (k € {PSq,PSs,PSs, PS4, Pq,Ps,S})
respectively. The background noise is assumed to be indepen-
dent additive white Gaussian noise (AWGN) with variance
o2. sy&) and sé@ denotes the original symbols for BS, PU,
and SU at the k-th phase (p € {1,2,3,4} and ¢q € {1, 2})
respectlvely We consider omni- dlrectlonal half-duplex radio
nodes only.

The proposed CSH model is shown in Fig. 2 and we follow
assumptions B1-B3 to facilitate the CSHI mitigation and the
performance evaluation.

B1: Consider the scenario that the direct link between the
primary communication pair PU;-PUy (PU3-PUy) does
not exist, which motivates PUs to employ SUs as relay
nodes to help to exchanging data. Thus, PU; &PUj; side
is unable to interfere PU;&PU, side, and vice versa.
Assuming PU;-PU; and PU,-PU, are also connected
by out-of-band source conferencing links respectively,’

9This corresponds to the presence of backhaul between two primary base
stations, or D2D links between two mobile primary users, or with the help of
an out-of-band relay deployed at the common cell boundary [35], [36]. The
assumption for source conferencing may not valid in practice, bu we employ
it to uncover a CSHI-exempt scheme for interpretation of achieving SAL/UPL
upper bounds.

1851

PUs in these pairs can exchange the information of inter-
source interferences (in Fig. 2).

B2: Each user has the local channel state information (CSI).
PUs can acquire the CSI (hg) between SUs and the
amplifying factor of SU. This can be explained by the fact
that SUs intended to share PUs’ spectrum cooperatively
and they are willing to sharing their local CSI and
amplifying factors.

B3: According to Theorem 1, for the convenience of evalu-
ation, one transmitter sends one bit in a symbol to its
intended receiver within one phase.

In Fig. 2, CSHI arises since the three senders share the same
spectrum non-orthogonally. Note that intrinsic orthogonality
exists between the in-phase and the quadrature component of
a complex constellation. Based on this nature, Sun et al. [37]
exploited the signal space diversity (SSD) to separate two non-
orthogonal links, which motives us to design the techniques to
mitigate CSHI. To demodulate the signals only based on the
real or the imaginary component, signal constellation must be
rotated [37]. Specifically, if u is the original complex constel-
lation taking values from an M -ary alphabet y, the transmitted
symbol will be = = ue’?, where ¢ is chosen in such a way
that no two symbols have the same coordinate. That is, for

any p # ¢,
R{z"} # R{z?}, S{z"} # S{z},

Prior to the transmission in the proposed CSH scheme, con-
stellation rotation is applied to every symbol with the angle ¢
chosen from [37]. Each transmit symbol sgk is constellation
rotated before precoding, and the symbol power satisfies
E{|R{s"12} = 1 (x € {PU,,,SU,},m € {1,2,3,4},
n € {1,2}).

VP, 2 e ey, (12)

B. Signal Transmission Model

At the k-th phase (k is odd) the transmit symbols from
active transmitters are precoded as

xé’i?l = j\/Ppspy, e~ 4™, (13)

oo, = jV/ Prsyg,e <2, (14)
k Pg k k

0, =\ 5 s, + sl e, a9)

where the asy, =, /m. At the k-th phase, the signals

received by PUs, PUy and SU; are
(k) (k) (k)

k
wou, = he, o + hes, 2§, + 1y, (16)
k
y}(>U)4 = hpzprz + hps4a?§U)2 + néUL, (17)
k k k
S, = hes, i), + hes,ai, + hsasy, +ndy . (18)

At the (k + 1)-th phase the transmit symbols are precoded
as follows

wpott) = /Py Ve 4 (19)

st = jy/ Py Ve 4 (20)
k Ps k k

Gt = /5 [asusdt) + 580 e, @n
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where asy, = , /Wlum}' The signals received by PU;, PUs
and SU, are

(k+1) (k+1) (k+1) (k+1)

Ypu, = = heyzpy,  + hes, Tgy, C+ npy, s (22)
k1 k1 k1 k1

@/}(>U;r ) = hP2$1(>Uj )+ hPSﬁéUJlr )+ néUJg ), (23)
k1 k1 k1 k+1 k41
éUz ) = hPSSxI(’Ug ) + hps4xl(3‘U4 ) + hsxéUl ) + néUg )

(24)

The CSHI can be observed existing in every phase, which
prevents the SAL and UPL from achieving upper bounds.
Thus, CSHI mitigation strategy is needed, and simple signal
processing technique should be designed to extract intended
symbols.

C. CSHI Mitigation and Signal Extraction Techniques

We focus on an arbitrary (k + 1)-th phase to exhibit the
CSHI mitigation for the observations of receivers PU;, PUs,
and SUs,. Three intended symbols (primary symbol sé’fj},b,n €
{1,2} relayed by SU and secondary symbol séﬁrl)) coexist
with mutual interferences. After CSHI mitigation, simple
formulas should be determined to extract intended data.

1) Primary System: The observation of PU; at the (k+1)-th
phase is given in (22). Replace the yéﬁ)l in (21) by (18), and
use the result to replace a:é’fﬁrl) in (22). Then, we have the
identical transformation for (22) as

k [Ps _ k k
y;(’UJlrl) = asu, hps, € 45{ (hpslﬂﬁéu)1 + hpsﬂéué)

hsalf), + o857+ 0l )+ et + 5
(25)

Note that both (25) and (16) have the common variable xé’fﬁ,
and (16) may be modified to
W _ 1 7w

(k) (k)
Lsu, = Fips,

Ypu, — hp, Tpy, — Npy, | - (26)
Eq. (26) can be substituted together with (14) into (25), and
then we obtain the identical formula of PU;’s observation
with indications of different interferences and additive noise
as follows

Pg . _
y}(’ﬁrn = asu, |/ 75 |:j|hP52| PPSSEJ)Z + Séﬁrl)} hps, e %S

F I 4 IS it @)

(k+1) hps,  |hs|he, Ps (k)

where IPUl = 75 T hesy asu, hes, 2 Tpu,>
Pg

(k+1) _ oasuyhesy [hs|y/ 5 (k) (k+1) (k+1)

Ipy, " = — hpsy Ypu, + he 2y, s and wpy =

asu, hes; [hs|\/ 52 (k) Py —vs. (k) (k+1)
- fzps3 = npy, + asu, hes, \/ Fe” Sngy, + npy, -

The above signal processing separates each CSHI term.
ISEY can be canceled as known interference and the
k1)
PU.

inter-source interference can be canceled via source

conferencing.
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After CSHI cancellation, the signal in (27) is given by

k1 Ps 1. k k1)] -
YP(U1 ) = asu, hes, ([ = []|hP52|V PP81(>U)2 +SéU1 Memss

+uwgt.28)

Then, PU;’s intended symbol sy&)z carried in (28) can be
extracted by (29).

(k+1)  /
RO 1 g ) Yeu, €7
U2 Pg hps,
asu, |hes, |[\/ 5

(k) ~ (k)
=V Ppspy, + npy,

(29)

~ (k) |hs|? 2 o
where 7ipy ~ N (0, (1+ |,LPS3|2+5§U1|,LPS2|2 Mhesy % )

and

Bsu, = B
! PP(\hPSI\2+|hP52\2)+Ps\hs|2+Uﬁ

o) L0
~(k) — Cx S PU3 &Y% SU1
Tyl = =9 ——2 5 + &

o { s, |Pps |ops, |

5 L, (E+1)
V2 %{e "euy {30

+
Bsu, | hes, | hps,

Similarly, it is easy to extract sé@l by (31).

(k+1)  /
sk _ 1 § ) Yeu, €7
PO Ps hps,

asu, |hes, [\/ 5

k ~(k
— PPSI(;.U)l + néU)l’

where ﬁgf}l ~ N (O, (1 + “hs‘Q +

hps,, |2

2
2 o:
- and
332U1 ‘hPsl |2 ) 2‘hl’51 |2 )

hen(®) ()
~(k) S'puy o~ SU;
n =S+
i { |hps, | hps, |hps, |
k+1
+ V2 %{ i, )}.
Bsu, | hps, |
2) Secondary System: The observation of SU; at (k+ 1)-th
phase is given by (24). Substitute (18) into (21) to

replace yég)l, and the result is used to replace xéﬁfl) in (24).
Then we obtain

hps,

k+1
yéUQ :
P P
= asu, |/ 7S|h3| [hPslxyﬂ)l + hPsza?ng)z} 1 73|h5|5§]f:1)
+ [hpsgxyggl) =+ hps4$£,%jl):| + Is(ﬁjl) + wélf;zrl), 31

k+1)

k k k
where wéUQ = asu, \/ %Vlsméu)1 + néujl) and IS(U;H) =

OéSU1 \/ % |hs |hs$§%)2 .

Replace a1y . wby,. Thy, and zpy, in (31) by (13), (14),

(19) and (20) respectively. Then, we obtain the identical
formula of SUs’s observation with clear indications of inter-
ference and noise terms:

(k+1) _

Pg E+1 k1 (k41 k+1
Su; T 7|hS|S§U1 )+IS(U2 )+]I}SU )+wéU2 )v

(32)
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where IIESH) = aSUM/PSPP|hS| Z |hps, , |spUm +
4
VPp > |hes,, sy&t}). After canceling the known
m=3
interference Iégjl), the signal in (32) is given by
k1 Pg k41 k1 k+1
Yaos = G lhslssor )+l it (33)

Note that jII(,[ijr )i orthogonal to the intended signal sé H).

(k+1)

Then, the intended symbol sg;, " of SUz can be extracted

from (34).
~(k+1 V2 k+1 k ~(k+1
éUl = |h |§R{YS(U2 )} PSS§U)2 +n§U1 )7 (34)
= (k+1) () , V2 nsu = (k+1)
where 7igy = R{Bsu,ngy, + i } and ngy o~

N (0, (B8, + i) )

IV. PERFORMANCE EVALUATION FOR
THE PROPOSED CSH MODEL

The upper bounds of SAL and UPL for the proposed
CSH model have been given in Table IV, which can be
determined directly by the system model with the assumptions
in Section II-D. However, according to Definition 3, the upper
bounds are not achievable if the CSHI is not efficiently
mitigated. Thus, in this section we should first ensure that the
final end-to-end SINR ~;;,,. of the proposed scheme satisfies
limp_, 00 Viink (P) = oo for Vlink € &, * = PU or SU, and
then use the results to calculate the SAL and UPL for the
proposed CSH model.

A. End-to-End SINR of the Proposed Scheme

1) PU at the (k+1)-th Phase: We take the link PUy — PU;
as an example to show that the PU’s end-to-end SINR satisfies
Definition 3. The limit of the end-to-end SINR with respect
to link PUs — PU; can be calculated from (29) and given by

2|hps,|* lim P
i (k+1) ees,| P—oo _
1n PYPUQPUl - = 00,
P—oo 1 i |hs|2 i 2 0_2
[ps, |2 s, |2 Pli_{nx 552U1 n
(35)

n . .
— is finite.

(thsl\2+|hP52| )Jr’f]\h [2+o2
)

Slnnlarly, we can determine that lim 'VI(>U1PU2 = 00.
— 00
2) SU at the k-th and (k + 1)-th Phase: The limit of the
end-to-end SINR with respect to link SU; — SUs can be
calculated from (34) and given by

where 1im 552U1 =

n lim P

P—oo

. 2 o2
(Jim R, + 72m) %

Similarly, we have F}im 'Vs(ﬁ)zsul = o0.

— 00

Remark 5: Eq. (35) and (36) show that after CSHI mitiga-
tion and signal extraction the end-to-end SINRs of PU and SU
satisfie Definition 3. Thus, CSHI mitigation strategy ensures
that the proposed CSH model achieves the upper bounds of

. k41)
lim ¢ =
P YSU; SU,

= Q.

(36)
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SAL and UPL. Note that the CSHI mitigation is based on
assumptions Bl and B2, which means the reachability of
upper bounds of the metrics for the proposed CSH model is
conditional.

B. Spectrum Access Level

1) SAL for the Primary System: Due to the repetitive feature
of even and odd phases, we can focus on two successive
phases, i.e., T, = {k-th phase , (k-+1)-th phase} and |T.| = 2.
Based on the monotonous and continuous of PREZZ) (vélz)) with
respect to 'y( b), we can easily calculate the average number of
delivered symbols pumped over successful links at (k + 1)-th

phase as

S = 3 KGTY 1= PRl (lim 1 GTY)

abe&py

>

abe{PUsPU; ,PU PU }

[1 — Pr(co < Re))

= 2. (37)
Similarly, we can obtain S}Sﬁ) as
(k) _ (k+1) (k+1)
Spy = Z [1 —Pr (Yab )} (1) _
abe {PU3PU, ,PULPU3} Yap T
= 2. (38)

Therefore, the SAL for primary system can be obtained
based on (2) as

(k) (k+1)
Spy + Spy

Apy =
|T|

=2 (39)
2) SAL for the Secondary System: The average quantity of

successfully delivered symbols for all successful secondary

links and at (k + 1)-th and k-th phases can be calculated as

(k+1) _ _ (k+1) ( (k+1) _
SSU — |:1 P’Rz] ( ij )i| 1j=SU1SUs, ’YI-(JIC+1)=OO 1)
(40)
(k) _ |1 _ ( o) () (F) —
Ssu = [1 Prij (Vi )LFSUqul, LD o 1. (41)

Therefore, the SAL for secondary system can be obtained
based on (2) as

S 4
|T|

(k1)
SSU

Asu = =1. 42)

C. User Capacity and Participation Level

It is straightforward to obtain the end-to-end user capacities
from system model: Npy = 4 and Ngy = 2. Based on SAL,
the UPLs for primary and secondary system are obtained as

QAPU 2-ASU

£ = =
U Neu Nsy

Remark 6: From (39), (42) and (43), we can conclude that
the proposed CSH model can achieve the upper bounds of SAL
and UPL shown in Table IV.

1 and £SU = =1 (43)
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V. NUMERICAL RESULTS

Numerical results are given here to verify the proposed
metrics and the performance of proposed CSH model. For
a fair comparison, the direct primary link is not considered
in all cases. BPSK modulation is adopted and frame length
is L +1 = 33. We set Ps = Pp and the relaying SU
splits its power equally for own data and PU’s data in the
comparing schemes with superposition coding. All channel
coefficients are distributed with the Rayleigh fading model
along with the path loss as hy, = rab\/d;bA, where 74 1S
a zero-mean, unit-variance complex Gaussian variable, dgp
is the distance between nodes a and b (which are set to
be 3 for PU,-SU,, link, 2 for PU,-SU,, link, and 2 for
SU;-SU; link (p € {1,2}, ¢ € {3,4} and m € {1,2}),
A = 3 is the path loss factor. The power of the AWGN
term of each link is set equally to 02 = 1. The primary and
secondary rate thresholds are assumed equal to Ry, = 0.4.'0
The legend “P” represents the power level P introduced in
Section II. For comparison, we consider the conventional CSH
models [17], [19], [20], [26] in introduction section, and each
system model applies the CSH scheme proposed in the same
article respectively. Notations “Scheme 17 to “Scheme 4~
correspond to the CSH model shown in Fig. 1, and the notation
“Proposed” corresponds to our proposed CSH model with the
CSHI-exempt scheme. SAL and UPL are measured by the
definitions proposed in this paper.

A. SALs and End-to-End Capacities of Primary Systems

Fig. 3(a) and Fig. 3(b) present the numerical results for
the spectrum access level and end-to-end capacity of pri-
mary systems, respectively. In Section II-C, we classify CSH
schemes into three classes based on the level of residual
CSHI. Following the three classes, we detailedly present
the observations and conclusions from the numerical results
depicted in Fig. 3(a) and Fig. 3(b).

o CSHI-exempt: Scheme 1 and the proposed scheme.

1) When the transmit power level (P) is relatively
low, the SALs (apy) of these two schemes keep
rising with the increasing P. At high power level,
the two schemes achieve their maximal SALs as %
and 2 respectively, which are the upper bounds
(in Table IV) concerning their system models.

2) The observations of 1) can be explained by the
facts in Fig. 3(b), which exhibit no floors in the
end-to-end capacity curves of these two schemes.
As the power level is high enough, the outage/error
probability is Pr'r), (7§1Qk(P)§ — 0 and SINR is
Yiink (P) = 0o, which satisfies Definition 3.

3) It can be observed from Fig. 3(a) and 3(b) that
the CSHI-exempt schemes can achieve the best

distinguishable SALs of the two CSH models.

10Tn practice, the threshold depends on the type of service. For example,
online FLASH video and picture viewing services may be supported well
by low successful rate; And the real-time transmission of 4K or 8K video
may result in high rate requirement. Here we assume R;; = 0.4 for clearly
displaying identifiable simulation results in a single figure.
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Fig. 3. Spectrum access level apy and end-to-end capacity Rpy of primary
system at different transmit power level.

o Less CSHI: Schemes 2 and Scheme 4.

1) According to Definition 4, the SALs of these
two schemes approach but do not achieve the
upper bound Apy, and gaps are —44.9485 dB and
—10.9206 dB respectively.

2) In Fig. 3(b), Schemes 2 and Scheme 4 encounter
capacity floors stabilize at 0.4999 bit/s/Hz and
1.0666 bit/s/Hz respectively. The floors are caused
by the interference of superposition coding, which
prevent the SINR from continuously increasing with
the increasing transmit power level.

3) The observations of 2) exhibit that the two schemes
are not CSHI-exempt. Whereas, the end-to-end
capacity at “floors” is much higher than primary
threshold Ry, = 0.4, which leads to relatively low
error/outage probability. Thus, if the primary system
has a low threshold Ry, it will be easy for none-
CSHI-exempt schemes to approach the upper bound
Apy instead of achieving it.

o Severe CSHI: Scheme 3.

1) The SAL (i Scheme 3 stabilizes at 0.2588, which is
far below Apy = 1 in Table IV. A widening gap of
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Fig. 4. Spectrum access level apy and end-to-end capacity Rpy of secondary
system at different transmit power level.

2)

3)

—1.3006 dB exists between the maximal SAL and
its upper bound.

The maximal primary end-to-end capacity of
Scheme 3 is on a floor of 0.5570 bit/s/Hz, which is
caused by the interference of superposition coding.
Although the capacity floor is much higher
than Ry, the average one-way end-to-end capacity
is 0.2785 < Ry, = 0.4. According to the definition
of spectrum access level, the capacity of link is
0.2785 bit/s/Hz which is far below threshold Rjj,.
Thus, the probability of error/outage is rather high,
and spectrum access level is below the upper
bound Apy at high SINR.

B. SALs and End-to-End Capacities of Secondary Systems

Fig. 4(a) and Fig. 4(b) compare different secondary sys-
tems in terms of SAL and end-to-end capacity. The detailed
numerical results are presented in this section.

o CSHI-exempt: Scheme 1 and the proposed scheme.

1)

At high power level, the two schemes achieve their
maximal SALs as  and 1 (in Table IV) respectively,
which are the upper bounds concerning their CSH
models.

2)

3)
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The observation of 1) can be explained by the facts
in Fig. 4(b), which exhibits no floors in the end-to-
end capacity curves of these two schemes. As the
power level is high enough, the SINR is 7k (P) =
0o, which satisfies Definition 3.

It can be shown from Fig. 4(a) and 4(b) that
the interference-free schemes can achieve the best
distinguishable SAL performance for each of the
two CSH systems.

o CSHI-exempt: Scheme 2

Y

2)

3)

e Less

1y

2)

3)

The SAL of this scheme achieves the upper bound
Asy = 0.5 (in Table IV) concerning its system
model.

The reachability of the upper bound Agy can be
explained by the fact that no floor appears in the
end-to-end capacity curve of scheme 2. Due to
the interference cancellation design of this scheme,
SU decodes and regenerates the signal received
in the first phase and cancels it from the inter-
ference signal superposed in the second phase,
of which the success probability of decoding in
the first phase increases simultaneously with the
increasing transmit power level P. Thus, At high
transmit power level, the SU’s decoding can be
viewed as interference-free. According to Defini-
tion 3, Scheme 2 can achieve the upper bound of
the CSH system model.

The results of scheme 2 verify that the scheme with
good interference management can help to achieve
the best distinguishable SAL performance of the
CSH system model.

CSHI: Schemes 3 and Scheme 4.

The SALs of these two schemes approach but can
not achieve the upper bound Asy (in Table 1V)
concerning their system models, and gaps are
—52.2185 dB and —12.8311 dB respectively.

The observations in 1) can be explained by Fig. 4(b).
The end-to-end capacities for Scheme 3 and
Scheme 4 stabilize at 1 and 1.0667, respectively.
These floors are caused by the interference of
superposition coding, which prevent the SINR from
continuously increasing with the increasing transmit
power level.

Obviously, Scheme 3 and Scheme 4 are none-
CSHI-exempt. Whereas, the end-to-end capacities
at floors are much higher than secondary threshold
R, = 0.4, which leads to relatively low error/
outage probabilities. Thus, if the secondary system
has a low threshold R;;, the none-CSHI-exempt
scheme will closely approach the the upper bound
Agy, but can not achieve it.

C. User Participation Levels for CSH Systems

We consider the upper bound of UPL for CSH model
(L+|Pg,;,,—0) and the maximal UPL for each specific scheme
(l+] P—oo)- In Fig. 5, the gap (defined in (11)) is given above
the two bars for each scheme.
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for each scheme.

e As introduced in Definition 4, the gaps between
Lolpr,,..=0 and l.|p_ can reflect the efficiency of
interference management for each scheme. Due to the
potential relation of SAL to UPL, the explanation of
these gaps are the same with analyses in the previous
subsections and is omitted here.

o Both the proposed CSH system model and the supporting
interference-free scheme can achieve the highest UPL
amongst the comparing system models and schemes. No
gap exists between L. |py,,  —o and ly|p_oc.

e The upper bound of UPL for CSH system model
(L+|Pr s =0) is the ideal maximal multiplexing gain
for a CSH system, and l.|p—oo is the actual maximal
multiplexing gain a CSH scheme can achieve concerning
interference.

o Some interesting observations and conclusions can be
found via combining the numerical results of SAL
and UPL.

1) By jointly observing the primary SAL and UPL
performances in Fig. 3(a) and Fig. 5, we can see
that the previous gap in SAL between Scheme 4 and
the proposed scheme is narrowed in the performance
results of UPL. However, by jointly observing the
secondary SAL and UPL performances in Fig. 4(a)
and Fig. 5, we can see that the previous gap in
SAL between Scheme 4 and the proposed scheme
is widened in the performance results of UPL.

2) These phenomena are closely related to the user
capacities in Table III, which means less primary
users in Scheme 4 can access the spectrum than that
in the proposed scheme, while more secondary users
in Scheme 4 can access the spectrum than that in the
proposed scheme. As the number of PUs to access
the spectrum in Scheme 4 is half of the proposed
scheme, the sum spectrum access ability (revealed
by SAL) has no superiority to it. Whereas, thanks
to the good spectrum access ability of a individual
PU (revealed by UPL), the gap can be narrowed.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 67, NO. 3, MARCH 2019

The widened gap in UPL can be similarly explained
as the analyses above.

VI. CONCLUSIONS

In this paper, SAL and UPL metrics have been proposed to
quantify the spectrum access ability for cooperative spectrum
harvesting. The SAL metric measures how efficiently the
spectrum is utilized by all considered users and can reveal
the spectrum access efficiency. The UPL metric reflects the
spectrum access ability of an individual user and can reveal the
multiplexing gain. The proposed metrics have distinguishable
upper bounds as SINR approaches infinity, and have advantage
of being evaluated directly by CSH model. Using the SAL
and UPL metrics, we have proposed a novel CSH model
with an CSHI-exempt scheme, which aims to fully exploit
the spectrum access ability. Through performance analysis,
we can see the proposed system model with CSHI-exempt
scheme has high SAL and UPL, and can also achieve the
upper bounds of these two metrics. Through numerical results,
on one hand, we have verified the efficiency of proposed
metrics and the good spectrum access ability of proposed
system. On the other hand, the SAL and UPL of existing
CSH models have been presented, and we have exploited the
causations of performance gaps and differences. In addition,
we have shown that SAL has relation with UPL in definition,
but UPL also depends highly on user capacity of CSH model.
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