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Abstract—This work analyzes the energy-efficiency (EE) per-
formance of two types of energy harvesting secondary networks
(SN) in a symbiotic radio network (SRN) relationship with a
multi-user non-orthogonal multi-access primary network. The
first SN type comprises of a multiple secondary transmitters
semi-passive (i.e., equipped with sensing capabilities) intelligent
reflective surface using backscatter technology to communicate
with a secondary receiver. While the second SN type consists
of multiple multi-antenna decode-and-forward relaying sensors
communicating with an SRN. Closed-form expressions are de-
rived for the achievable EE, which correlate exactly with Monte
Carlo simulations. In addition, the IRS-enabled SRN shows
higher EE compared to the relay-enabled SRN due to lower
power consumption and higher reflective surface spatial diversity.

Index Terms—Energy-efficiency, symbiotic radio, energy har-
vesting, intelligent reflecting surface, decode-and-forward relay.

I. INTRODUCTION

The global data traffic is estimated to grow exponentially in
the coming years with a substantial increase in device density
within the Internet-of-Things (IoT) infrastructure. According
to research, a significant amount of dedicated spectrum is
required to support emerging wireless services in IoT net-
works (IoTNs) [1]. However, existing wireless communication
services have exhausted and strained the scarce radio spec-
trum. Hence, resulting in a spectrum resource scarcity prob-
lem. Therefore, innovative technologies promoting sustainable
IoTNs in terms of efficient wireless communication resources
(spectrum and energy) usage are highly encouraged in next-
generation wireless communication research and development.

To promote efficient use and management of IoTN spec-
trum, two promising spectrum sharing technologies being
studied are cognitive (CRNs) and symbiotic radio networks
(SRNs). Basically, both technologies consider two or more
sub-network co-existing (e.g., primary (PN), secondary (SN)
and tertiary (TN) networks) and sharing the same resources
such as spectrum, time and power [2]. However, a major
issue with this technology is the presence and mitigation of
inter-node and inter-network interference [2], [3], which is re-
duced in their non-resource sharing counterpart. To go beyond
spectrum management, SRN has been combined with other
technologies such as backscatter (BC) (efficient energy usage)

communication, multi-user multi-access techniques such as
non-orthogonal multiple access techniques (NOMA) (efficient
spectrum usage), and assistive technologies (spatial diversity,
coverage improvement and throughput improvement) such as
user-relaying or intelligent reflective surfaces (IRS) for better
quality-of-service (QoS) such as spatial diversity, improve re-
liability and throughput, and reduce latency [4]. Several works
combining SRN, BC, NOMA and IRS-assisted have focused
on outage probability [5], [6], and QoS (rate [3] spectrum-
efficiency (SE) and energy-efficiency (EE) [7]) optimization.
Focusing more on improving energy efficiency through ra-
dio frequency energy harvesting (EH), the concurrent wireless
information and power transfer (WPCN) and the simultaneous
wireless information and power transfer (SWIPT) for EH by
IoTN communication nodes has been proposed and undergoing
intensive research for its applicability [8]-[10]. SWIPT with
its sub-technologies of time switching ratio (TSR) and power
splitting ratio (PSR) have been considered in SRN combined
with NOMA, IRS-assisted or BC technologies [7], [11]. Au-
thors in [7] formulated an optimization problem to maximize
the EE in a secure IRS-aided SWIPT network by jointly
optimizing the transmit beamforming vectors and the artificial
noise (AN) covariance matrix at the access point, and the
IRS phase shifts. An adopted hybrid TSR+PSR SWIPT non-
linear EH model with particle swarm optimization technique
implemented to maximize EE was considered in [11].
Motivated by the discussions above, this work integrates
(1) an PN of NOMA multi-antenna primary transmitter (PT)
communicating with multiple single antenna primary receivers
(PRs) and an SN consisting of multiple secondary transmitters
(STs) communicating with a single antenna secondary receiver
(SR) in an EE SRN. Unlike the works in [3], [5]-[7], this work
considers EH at the STs and extend the simple rectifier EH
model in [12] to a multi-stage rectifier EH model to mimic
practical EH circuit design. In addition, this work considers
two scenarios based on the STs type, namely, (i) scenario 1: the
STs are multi-antenna PSR SWIPT decode-and-forward (DF)
relay sensor devices, and (ii) scenario 2: the STs are EH semi-
passive IRS devices (equipped with a sensor) transmitting their
data and reflecting the PT data using BC technology. Hence,
the combination of the multiple EH IRS, the SWIPT relaying
SRN and the multi-stage EH model in SRNs is new and have
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Fig. 1. Considered SRN system model

not been studied separately or combined in existing works
such as [3], [5]-[7], [11]. In addition to the two proposed SRN
system models, the EE analytical derivation for both scenarios
are presented and shown to agree with Monte Carlo simulation.
Notations: Bold face lower case and upper case letters
represent vectors and matrices, respectively. E., tr(.) and (.)
denote the expectation, trace and Hermitian operators, respec-
tively. a ~ CN(0, A) indicates a circularly symmetric complex
Gaussian random variable with mean 0 and covariance A.

II. SYSTEM MODEL AND SIGNAL TRANSMISSION

The two type SN-based SRN models are shown in Fig. 1,
where an PN comprises of /V,, multi-antenna PT using NOMA
technique transmits information through either (i) K multiple
EH semi-passive IRS equipped with sensor devices (SDs) (PI-
SRN: ST k, k= 1,..., K) or (ii)) multiple antenna EH relay
SDs (AR-SRN (STs)) to L multiple single antenna users (PR
l,1=1,...,L) are studied. The STs consist of the two sensor-
enabled assistive devices, that is, either using BC by IRS or
DF by relays. The EH STs aim to transmit data to a single
antenna SR. In both models, the channel from the PT to PR [,
ST k and SR are respectively denoted as h,;, H, ;, and hy ;.
The channels from ST % to PR [ and SR are defined as gy, ;
and gy, ., respectively. The transmitted signals from PT to PR
l'and ST k to SR are represented as x, ; and x .., respectively.
The detailed signal flow for the two scenarios are as follows.

A. Passive IRS-Assisted (PI-) SRN Scenario

The PI-SRN system model shown in Fig. 1 consists of
N, antennas PT, L single antenna PRs, K multiple sensing-
enabled semi-passive IRS BC devices with N reflective
elements each and a single antenna SR. The PT transmitted
data is defined as x, = ZlL:l Wy Tp, 1, Where wy,; € CNex1
is the PT to PR [ beamforming vector. Denoting {(z1, 22)} €
{(p,1), (s, )}, after PT and STs BC simultaneous transmis-
sion, the received signals at PR [ and SR are expressed as

Yz1,20 =

K L
1/2 (1)
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Fig. 2. EH circuit schematic diagram

The antenna noise is n., ~ CN(0,02). The IRSs harvest
power (circuit power (P x) used for IRS signal modulation)
from the refracted PT RF signal, which is given as
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Where, Vgl = ‘(1 — Ok) 2 Hs,kWp,l s Ukl = vk:,l’ Vk,l = Uk,l'

0. and i are vectors containing the reflection coefficients of ST
k and ones of length Ny, respectively. Here, Gy, = 4, Ra r =
5092, Ryqp = 10°Q, Vr . = 25.86mV, and oy = 1.05 are the
number of multi-stages, antenna matched resistance, the load
resistance, the diode thermal voltage, and the ideality factor of
the EH circuit. (2) is acquired by extending the simple rectifier
[12] to the multi-stage rectifier EH model depicted in Fig. 2.

Assuming perfect channel state information at the PTs, PRs
and SR, and using perfect linear detection and successive
interference cancellation (SIC) [1] for decoding the PT and
STs signals at PR [ and the SR, the achieved signal-to-
interference-noise-ratio (SINR) at the PR [ and the SR for
the ST k sensor data are deduced respectively as [1]

Al Ak,'r‘

=————— and Y, = ,
B+ —‘rJlQ Tk, Bk,r+0k,r+02

" 3)

there A = \hglwp,z\z + ;5:1 ‘g]{;-{ll('zi./2Hs,kwp,l|2a B =
Zj;él al7j(|h£zwp,j BRI |ng,1®1@/ H, 1w, ;[*), Bi,, =
L K 1/2
S (Bl wp i + 0 B[ 05 Ha jwy ),
L K 1/2
C = Zj:l Zk:l al,j7k|ng,l®k/ }{s7kwp,j|2’
K L 1/2
Crr = Zj;ék P 5kaj|gfr®j H, jw,il? and Ay, =
L 1/2

Do |g,€{r®k/ H, ,w, )% {ouj, 0k} € [0,1] are the SIC
successful decoding factors for PR j and ST k during SIC
information decoding at PR I. {8k ;,Bk:,;} € [0,1] are
the SIC factors for PR j and ST ¢ during SIC information
decoding at SR for ST k received signal. A; is PR [ desired
decoded signal, while B; and C) are respectively the set of
PRs ({PRj}jLﬂ) and STs ({STy}X_,) interference signals at
PR [ during data decoding. Ay , is the desired signal of ST
k at SR, while By, , and C}, , are respectively the set of PRs
({PR;}{~,) and STs ({ST,}" ) interference signals present
at SR during ST £ data decoding. The rates based on (3) are




defined as R; = log,(1+ ;) and Ry, = logy(1+ vk »). The
system achieved EE is deduced as

L K
R Ry,
EEPI . Zl:l 1 + Zk:l k, (4)

= —+ L )
Zl:l pr,l| 2 + Zkzl Pcir,k
B. Active Relay-Assisted (AR-) SRN Scenario

For the AR-SRN system as shown in Fig 1, STs are replaced
with K PSR SWIPT EH SDs with Nj, antenna, which relay
the PT signals to the PRs using DF relaying and the Time
Division Duplex (two time slots). Here, the relaying STs use
the PSR p;, SWIPT scheme to harvest energy and decode the
PT transmitted RF signals in the first time slot (7). In the
second phase (1 — 1), the STs combine their own signals with
the decoded PT signals, and transmit them to the PRs and SR.
At the same time (phase 2), the PT transmits data to the PRs.

In time slot 7, the PT data (X, = Y1, Y% W, 4x,)
received signal at ST k is written as Y, = HZ, X, + Ny,
where W, . € CNp XNy represents the beamforming matrix
from PT to ST k. At ST k, the PT received RF signal is
split using the PSR p; vector into two, a portion for ID
and forwarding (\/;TkH Y, W},), and the other portion for

EH (/(i— pk)HYk), where W, is ST k receive filter. This
implies that, ST k harvested energy, vy, is deduced as [12]
K . : K -
TG%R2At,k > k=1 Ok TGiRilt,k > k=1 Uk
4(1 - T)Rld,kaivﬁk 32(1 - T)Rldkaéin{k
TGileélt,k ZkK:1 g,
1024(1 — 7) Rig kaf VP,

Vg ~

®)

where, 0, = (i — pi) 2 TH W, W H, (i — pp) 2|2,
U, = 92, Ox = 07. The initial PT data x,, is decoded (DF)
from the ID portion received at ST k, and this decoded signal
is re-transmitted using vy, in the time slot (1 — 7).

During (1—7), ST k forwards the decoded PT signal and its
own signal (Xs x = Wi Tk +ZIL:1 Wy 1Tp,) to the PRs and
the SR, using the beamformers wy; € CNex1 and Wi €
CNex1, Simultaneously, the PT re-transmits data x,, to the
PRs. Hence, the received signal at PR [ and SR is given as

gk,zl -
K L L
H —
E 8.2, (Wk,rl“k,r + E Wk,lwp,l) + E h.,x, + 7z,
k=1 =1 =1

(6)
where vy > S lwiall? + Wi l% 22 € {(p,0), (s,7)}
and z; € {I,r}. Using SIC, the SINR for PR [ and ST k data
decoding are respectively!
S and v, = N.r
A+ B+ o} T Ay + By + 02

M @)

'In DF relaying, Ry = logy(1 + min{4;,v}), where v in (7), % =
,/pkHHs’kWs’kaRflwglwnggk pr. acquired in time slot 7
and R = (Z].I;k‘ﬁpkHHs,kWS,jWngIijHgkJipk + Io02). By
observation, 4; > ; because of 7 and (1 — 7) transmit power relation
P, >> vy, and larger interference during (1 — 7), hence R; = logy(1+1).

with variables Ny, = [gf wi % Ni = |[hfw,|* +

S gt wikal% B =Y, %:;zl avklgl Wi j% Agr =
Zji;k 5k,j|g£rwg‘,r|2’ A= 0 f;ez@j,j,k gﬁfzwk,jF +
S w52 By = S S0 Braglelwi |2 +
Zle Br,j |0 wy ;2. Here {a j k, aix} € [0,1] are the SIC
factors for PR j and ST k during SIC information decoding
at PR [. {Bk,j,Bm,j} € [0,1] are the SIC factors for PR j
and ST ¢ during SIC information decoding at the SR for ST &
received signal. Also, A; and B; are interference noises power
at PR [ induced by the received signals of other PRs and the
STs, respectively. Ay, and By, are the interference noises
power at SR induced by the received signals of PRs and other
STs when decoding ST k received signals, respectively.

From (7) achievable rates are respectively deduced as R; =
(1 —7)logy(14+v) and Ry, = (1 — 7)logy (1 + ) [13].
The system achieved EE is deduced as

iy Ri+ 3 Riyr
i i3 o
Do r(W W) 370wl + 22y UECS)

EEsr =

(8) denominator, from left to right are the PT-STs, PT-PRs and
STs-{PRs+SR} transmission powers consumed, respectively.

III. ANALYTICAL DERIVATION

The PI- and AR-SRN beamformers, harvested energy and
average SINR analysis are presented here to study the PI- and
AR-SRN attributes. The channels are modeled as Rician fading
with their expectations defined as [3], [14]-[16];

() )
- 21\ do 1/2 (9)
]E[hZJ ( (:U’z1 + 1) ) (Hzl + le)NP’
_sz
A22 (ddi) 1/2
[gZZ] ( (Mzz + 1) > (/’1’22 +X22) ks
Gy
A (%) T\
EMH, |~ [ — 2l 1/2 N,Ng, D
[ 23] ( (,U’Z3 4 1) ) (,qu + X23) piVks

where i, represents the Rician factor, z € {z1,22,23},
z1 € {(p,1),(s,7)}, 22 € {(k,0),(k,r)}, z3 € {(s,k)} and
(X215 X2y Xz3) ~ CN(0,1) are the small-scale fading compo-
nents modelled as Gaussian variables [15], [16]. Each PSR (p)
and reflection co-efficient (0) are constant. The transmitters use
equal power allocation with maximum ratio transmission for

.. . _ Pyh,, _ P,H.,
data transmission, that is, w,; = VAL 5 = RIEL]
. V2o . . _ P h,
and w,, = ~——~=2—7, implying, E[w = 22E| 52k
2 = Tinfas, Ping, Elwy] = PE gy,
_ b H., _ Uk 82p
E[W.,] = YE[HHZSH and Efw.,] = 72E| £, ]

A. PI-SRN Scenario
For the PN, the SINR expectation is defined as

Ely] =~ E[Al]/(E[Bi] + E[Ci] + 1), (12)



with

d,, Cpot
i~ ) Do

o () () )
L
_|_

— (ki + 1) sk + 1)
1/2 1/2
X (Mkl Xk,t)? (Ms(k + Xs.k) 2Ny NE,

Cpt

s\ TP
~(L_1)Pp(Ap’l(d0) ) 1/2 2772
BB~ G+ 1) et Fxe)" Ny

(s () (%))

- Z (ira + D tiag + 1)

X QNk(Mk{l + Xk,z)Q(Mi,/kQ + Xs.1)* Ny Ni, and

(14)
—Ck 1 —Cs,k
sy b)) )
L (ks + Dt + 1) (15)
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Now, for the SN, the SINR expectation is given as
E['y/”] ~ E[Ak,r]/(E[Bk’r] + E[Ck’r] + 1), where  (16)
d o _Ck,r dﬁ _Cs,k
E[Ax,] ~ ON,P (Aerder () (%)
e (e + D)tk + 1) (17
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E[Ck,r] ~ (19)

For the energy harvesting power available at the IRS, we have
Elog.1] = Pp(1 — 6 NE (1 + Xk Ny N
ds k _<s,k
X (As’k( d ) ) (s + 1),
0

B. AR-SRN Scenario

(20)

The second time slot PR average SINR is expressed as

Ey] ~ E[N]/(E[A)] + E[B)] + 1), with 21
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Fig. 3. A simulation of the SRN topology

e ()Y,
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Now, the average ST decoded data at SR is deduced as
E['Yk,R] ~ E[Nk,r]/(E[Ak,r] + ]E[Bkﬂ»] + 1), where  (25)
—Ck,r
A, [ Fer
uk Vi ( ’“( do ) ) 1/2 2 (26)
E[Ng .| =~ +
N\ G
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IV. SIMULATIONS AND DISCUSSIONS

In this section, simulation results on the EE behavior for
both the PI-SRN and AR-SRN with varying system parameters
and the Monte Carlo verification are presented. The parameters
used for the various simulations are as follows. For the
topology consisting of high(wall) mounted sensor network
(STs+SR) and BS (PT), and ground level PRs (user devices)
with an example shown in Fig. 3, PT is positioned at co-
ordinates (xpr, ypr, 2zpr) = (0,0,10%)m. The SN (STs and
SR) and PR devices are randomly distributed within the co-
ordinates ({xsn, ysn}, 2sn) € ([—10%,102],[10%,10%])m and
({zpr, ypr}, 2pr) € ([—10%,103],[10°,10])m, respectively.
The euclidean distance is used to determine the inter-node
distances. For the large-scale model, the geometric attenuation
factor is A, = 30dB, z € {(p,0), (s,k), (s,7), (k,1), (k,7)}.
The Rician factors and pathloss exponents for the SN inter-
actions are {fts k, thie,1, foe.r } = 3 and {(s ky Coty Chor b = 2.5,
and the PN interactions are {u, , fisr} = 4 and {(p1,Csr } =
3, respectively. Unless stated, {7, p,0} = 0.5, {IRS,relay} :
N ={20,4}, N, =25, L =50, K = 10 and P, = 30dBm.
Note, practically deployed SDs currently are not equipped with
massive antennas. Hence, for SDs relaying (AR-SRN STs),
N, < 10is used. However, a SDs connected to an IRS benefits
from the larger reflective elements to improve spatial diversity.

Fig. 4 compares the analytical ((9) to (29)) and Monte Carlo
((4) and (8)) simulation using the average EE against IV, for

Energy-efficiency [kbps/Hz/J|

Fig. 8. CDF of EE for varying K.

Energy-efficiency [kbps/Hz/.J|

Fig. 9. CDF of EE for varying Ny.

the PI- and AR-SRN scenarios. From Fig. 4, the analytical
and Monte Carlo plots match for both scenarios. It is seen for
both cases that the EE increases with increasing N, . The
PI-SRN has a constant gain of 15kbps/Hz/J over the AR-
SRN. This is due to the PI-SRN lower power consumption
compared to the AR-SRN, as depicted in their EE defined
in (4) and (8). Also, the number of IRS reflective elements is
larger than the relay antennas, implying higher PI-SRN spatial
diversity, leading to better harvested power and achievable
rates. The better performance of the PI-SRN over the AR-
SRN throughout our discussion is due to the aforementioned
factors. Thus, showing the superiority of the PI-SRN over the
AR-SRN. The EE CDF for varying N, is illustrated in Fig. 5
comparing the PI- and AR-SRN. The PI-SRN has higher EE
ranging bewteen [17 — 32]kbps/Hz/J, while that of the AR-
SRN ranges between [5 — 10]kbps/Hz/J. Fig. 6 shows the PI-
and AR-SRN EE CDF for various P,. It is seen that the EE
reduces with increasing P,. From (4) and (8) as the power used
(denominator) increases, the rates (numerator) decrease due to
increased interference power, leading to a reduction in the EEs.
The PI-SRN outperforms the AR-SRN by about 100kbps/Hz/J,
30kbps/Hz/J and 10kbps/Hz/J at 20dBm, 25dBm and 30dBm,
respectively. These notable gains emphasize the effectiveness
of deploying the semi-passive IRSs in SRN over the AR-SRN.

The PI- and AR-SRN EE CDF for varying L are presented
in Fig. 7. As expected, the EE CDF increases with increasing
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Fig. 10. CDF of EE for varying N, (Equivalent PI and AR Antenna).

L, because the sum-rate (ZIL:1 R;) increases too, at the same
amount of P, = 30dBm. Also, the PI-SRN has an EE gain
of about 40kbps/Hz/J, 25kbps/Hz/] and 20kbps/Hz/J over the
AR-SRN for L = [60, 80, 100], respectively. The EE CDF plot
of the PI- and AR-SRN for varying K is presented in Fig. 8.
From Fig. 8 as K increases the PI-SRN sees a reduction in
EE ([17 — 28]kbps/Hz/J), while the EE for AR-SRN remain
constant between [5 — 7]kbps/Hz/J. The constant AR-SRN EE
behavior is due to the PN rates being far larger than the SN
rates ((7): {v,Ri} >> {Yk.r, Rir}). Also, the EH of each
ST is constant as K increases, leading to an increase in the SN
interference, which in turn reduces the rate and the EE. The
interference behavior also occurs in the PI- and AR-SRN PN,
but not as significant because of the higher PI-SRN EH and
single transmission time, and the direct link in both PI- and
AR-SRN PN. For varying ST (PI-SRN IRS elements and AR-
SRN relay antennas), the EE CDF is presented in Fig. 9. The
AR-SRN curves are similar because of their small increases
in SN rates compared to the far larger AR-SRN PN rates. In
contrast, the PI-SRN has significant and comparable PNs and
SNs rates. Also, as the PI-SRN N, increases, the EE reduces
because of increased rate interference values.

Fig. 10 shows the CDF vs EE plot where the IRS and
relays have equal Nj. In addition, the case a relay uses
only EH (AR-EH) or EH plus its own transmit power (AR-
EHP) are also considered. It is seen that the AR-EH is has
similar performance and gap to the PI-SRN as seen in Fig.
4, while the AR-EHP has lesser EE because of the additional
transmit power increasing the EE denominator value. Even
with equal Nj the AR-SRN achieve marginal gain because
of the small energy harvested (transmit power) and high
interference. Hence, this study has shown the need to optimize
the EH and beamforming, minimizing SN interference, and
imposing minimum rate constraints on the SN in AR-SRN
to improve performance. The PI- and AR-SRN optimization
based on the deductions above is the next step in this research.

V. CONCLUSION

The EE performance of EH (i) multiple STs IRS devices
backscattering their own and the PN data and (ii) multiple
DF relays transmitting their own and the PN data to the PRs

and SR were considered. The EE analytical expressions were
derived for both cases and these expressions agreed with their
Monte Carlo simulations. Also, the PI-SRN outperformed the
AR-SRN in terms of EE. An extension of this work involves
the EE maximization with resources optimization.
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