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Energy Harvesting for Two-Way OFDM
Communications under Hostile Jamming

Zhaoxi Fang, Tianlong Song, and Tongtong Li, Senior Member, IEEE

Abstract—Hostile jamming can cause significant performance
degradation in wireless communications, but it also provides an
unexplored source of additional signal power. In this letter, we
propose an energy-harvesting receiver for two-way orthogonal fre-
quency division multiplexing (OFDM) systems under hostile jam-
ming. More specifically, in the downlink, the receiver is designed
to simultaneously process information and harvest energy from the
received desired signal as well as the jamming interference through
a power splitter. The harvested energy can then be used as an ad-
ditional source of power to enhance the uplink transmission. We
investigate the optimal power allocation and power splitting ratio
to maximize the sum-rate of the uplink and downlink transmis-
sions. To reduce the complexity, a suboptimal energy harvesting
scheme with closed-form solution is proposed. We also obtain a
lower bound on the sum-rate of the proposed scheme under strong
full-band jamming.

Index Terms—Energy harvesting, hostile jamming, power split-
ting, sum-rate maximization.

I. INTRODUCTION

RTHOGONAL  frequency division multiplexing

(OFDM) is a spectrally efficient multi-carrier trans-
mission technique in wireless communications. Due to its
high efficiency and simple transceiver design, OFDM has
been widely adopted in many civilian wireless standards, e.g.,
LTE and WiMAX [1]. However, as most of the other wireless
techniques, OFDM is fragile under hostile jamming [2].

To enhance the jamming resistance of OFDM systems, sev-
eral encoding and decoding schemes have been proposed in [3],
[4]. In [3], linear precoder and decoder were proposed to min-
imize the mean-square error (MSE) for OFDM systems under
multi-tone jamming. For pilot tone based jamming attacks, the
authors in [4] proposed approaches to mitigate the attack effect
by randomizing the pilot tone locations.

Though jamming presents a threat to the reliability of data
transmissions, it can potentially provide an unexplored source
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of additional signal power if the receiver is able to harvest en-
ergy from the radio-frequency (RF) signals. Recently, simulta-
neous wireless information and power transmission (SWIPT)
technology has gained considerable attention in both industrial
and academic fields [5]-[10]. In a SWIPT system, the receiver
can process information and harvest energy from RF signals
simultaneously. The SWIPT technique has been extended to
multi-antenna systems [6], OFDM systems [7], [8], and coop-
erative networks [9], [10]. For downlink SWIPT OFDM with
power-splitting receiver, the authors in [7] investigated the op-
timal power allocation to maximize the energy efficiency. In
[8], a reconfigurable receiver architecture was proposed to re-
alize SWIPT in two-way multi-antenna OFDM communication
systems. However, the uplink and downlink transmissions were
treated separately, and there was no consideration on jamming
or hostile interference.

In this letter, we consider energy-harvesting transceiver de-
sign for two-way OFDM communications under hostile jam-
ming. The basic idea of the proposed scheme is that the re-
ceiver harvests energy from the received mixed signals with a
power-splitting architecture in the downlink, and the harvested
energy can then be used as an additional source of power to
enhance the uplink transmission. We investigate the optimal
power allocation and power splitting ratio to maximize the sum-
rate of the downlink and uplink transmissions. The resultant
non-convex optimization problem is solved using a simple one-
dimensional search in combination with convex optimization.
To reduce the computational complexity, we propose a subop-
timal scheme with closed-form solution for energy harvesting in
SWIPT OFDM. We also obtain a lower bound on the sum-rate
for the proposed scheme under strong full-band jamming.

II. SYSTEM MODEL

We consider a half-duplex OFDM system where two nodes .A
and B exchange information under hostile jamming. Both nodes
are equipped with a single antenna. Node A is a powerful infra-
structure device (e.g., a base station) with a fixed power supply
P4, whilenode B is a mobile device with a limited power supply
Ppg, and is able to decode information and harvest energy from
the received radio signals (including both the desired signal and
jamming interference). The total bandwidth of the system is di-
vided into N subcarriers for data transmission.

Letz 4, and x g ,, denote the unit-power information symbol
to be transmitted on the n-th subcarrier at nodes .4 and B, re-
spectively. In the downlink transmission (from node A to B),
the received signal on subcarrier n at node B is

YB.n = aDPA,nhn:I;A,n + WRB, In + UB,a,n» (1)
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where ap, Pa,, and b, ~ CA(0,1) denote the path loss, the
allocated transmit power and the small-scale Rayleigh fading
coefficient of the n-th subcarrier in the downlink, respectively.
wp.gm ~ CN(0,0% ;) is the Gaussian distributed jamming
interference, and v B’;:n ~ CN(0, 01237(,,) is the additive white
Gaussian noise (AWGN). Here & ~ CA(y, 0%) denotes a com-
plex Gaussian variable with mean z and variance ¢2.

Atnode B, a power splitting receiver is employed for simulta-
neous information receiving and energy harvesting [5]. Specif-
ically, the received signal is splitt into two parts: one for en-
ergy harvesting and the other for information recovering. Let
p € [0,1] denote the power splitting ratio, that is, \/pyp » is
used for energy harvesting. Then the total harvested power at
node B is

N
Ppy =np Z (apPanlbnl® + 0% 5,) + Nog |, (2)

n=1

where 0 < 7 < 1 denotes the energy conversion efficiency.

The other part of the received signal, /1 — pyg. », is then
used for information detection. The baseband signal can be ex-
pressed as

gB,n =V 1- Py CXDPA,n,hn-TA,n

3)
+ 1- p('wB,J,n + IUB,n,,n) + VB bn:

where vp b ~ CN(0, cr%y,,) is the equivalent AWGN noise in
the baseband [5]. From (3), the achievable rate for the downlink
transmission is given by

N
RDL = Zlogg <1+ (

— 1—p)o} j, +05 )+ 0'123,1)

(1- p)aDPA,n|hn|2 >

4)

For the uplink transmission, node B transmits the signal

to node A with its inherent power supply Pp as well as the

harvested power Pgg from the downlink phase. The received
signal on the n-th subcarrier at node .4 can be written as

Yan = VU PBngn®Bn + WA 70 + VA n, Q)

where ay, Pg.,, and g,, ~ CN(0,1) denote the path loss, the
transmit power and the small-scale Rayleigh fading coefficient
of the n-th subcarrier, respectively. w4 sn ~ CN(0,0% ;)
and v4 , ~ CN(0,0%) denote the jamming interference and
the overall AWGN at node .4, respectively.

As mentioned earlier, node A is a powerful infrastructure de-
vice and all the received signals are used for information detec-
tion, i.e., no energy harvesting is involved. The achievable rate
of the uplink is obtained as

al O‘UPB n|gn|2
Ryp =Y log, |1+ ——"E ). (6)

Z 3
T4 nT02a

n=1

III. PERFORMANCE OPTIMIZATION

In this section, we investigate the optimal power splitting
ratio and the optimal power allocation at nodes .4 and 13 to max-
imize the sum-rate.
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A. Sum-Rate Maximization

From (4) and (6), the sum-rate maximization problem of the
considered SWIPT OFDM system can be formulated as

max  Reum = Bpr + Ruy
p.P4Pg
N
s.t. 0 S P S l Zn:l PA,n S PA7 (7)

N
277:1 Ppn < Pp+ Pey.

where PX = [P,X’,ly Cey R{’T‘/\T}T, X € {.A, B}

For conventional non-energy-harvesting OFDM systems,
p = 0, and it is well known that water-filling is optimal in terms
of rate maximization. When jamming is present, the system
performance generally degrades. In the proposed scheme, on
the other hand, the jamming power can be utilized to improve
the overall system performance. The main point here is that the
power allocation for the downlink and uplink should be jointly
optimized to achieve maximum sum-rate.

Note that the optimization problem (7) is non-convex due to
the power splitting operation at node 5. However, when p is
fixed, the harvested power Pgy in (2) is a linear function of
1544. Hence, the constraints in problem (7) become linear con-
straints. Based on these observations, it can be seen that problem
(7) turns out to be convex when p is fixed, and can be effi-
ciently solved using standard algorithms for convex optimiza-
tion. Hence, the sum-rate maximization problem (7) for the pro-
posed scheme can be solved by a one-dimensional exhaustive
search over p € [0,1].

B. A Suboptimal Scheme

To reduce the computational complexity, we propose a sub-
optimal scheme for information transfer and energy harvesting
below. For downlink transmission, we propose to use the clas-
sical water-filling power allocation:

+

2 2 2
OB inTBa T 00y
. Vn, ®

oo

aplhn|?

where [z]T = max(x,0), and X is a constant determined by the
transmit power constraint. Then, the harvested power at node B
can be expressed as

Pewg = cop, ()]

where

AT
o =1 [Z (apPi |hul? + 0% ;) + Nog, (10)

n=1

Assuming the transmission power allocation at node A is
P} .., as given in (8), the downlink rate in (4) can be calculated
as

N N 5 5 ) )
1- ap P n h’ﬂ +o n"‘(f a 4o
RDLzzlogz (( p)( DL 4, | ‘ B,J, B, ) B,b)

(1_p)(g_2B,J,7L+a%,a)+(T%,b

al (1_p)(aDPZ,’n|h’”|2+0%,J,n+U%,a)
> Zlogz 1— (52 2 3 ;
(1-p)(63 ;+05,)+0E,

(11)
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LS 0% 5, In the inequagty above,
> 0, and J],_

where 6% ; =
we have used the fact that 0%,
(% Zﬁ:l )"

For the wuplink transmission, uniform power allo-
cation is used among the subcarriers at node B, i.c.,
P, = (Pg + Pgg)/N.Vn. Similarly, the uplink rate is
lower bounded by

1%n <

N <QU(PB +Coﬂ)|gn|2> (12)

Ry, > log
oz 2 b NG )

n=1
=2 _ 1 N 2
where 03 ; = ¥ 2 on—1 TAIn:
As a result, the sum-rate of the downlink and uplink trans-
missions is lower bounded by

lip)(uDPAnVL | +JB ]n+0-Ba)
su'm> ZlogQ 1
*P)(UB.J‘FUB,Q)"'UB,IJ
ay PB +COP)|9n|
+zlo 2( 2 +02) .
AT A

(13)

Next, we derive a closed-form solution of p to maximize the
sum-rate lower bound above. From (13), it can be seen that max-
imizing the sum-rate lower bound is equivalent to maximize the
following objective function:

(1= p)(Pp+cop)

max 5
r (1-p)Gh ;t0h,)+0h,
st. 0<p<l1. (14)

By using Lagrange’s method, the optimal p is given by (15),

; — +
(780 +0hs —omayfohy + (14 Po/eo)id,, |

~2
(TB,a

*

IO =

15)
where 6%, , = 0% ; + 0% ,.

Discussions: For OFDM systems under full-band strong ]am—
ming, we have 6% , > 0% - From (15), we can see that p* —
1, which implies that almost all the received signal power is har-
vested to enhance the uplink transmission.

C. Performance Lower Bound

For OFDM systems under strong full-band Gaussian jam-
ming, we have the following result for the proposed scheme.
Theorem 1: For OFDM systems under Rayleigh fading and
strong full-band jamming with 0% ;,, > apPan|h,|?, and
01247_,_" > auPpn|gn, Yn, the avérage sum-rate of the pro-
posed scheme is lower bounded by
RV > Ne® Eyi(c1)logs(e),

SUM

(16)

where ¢; = (5% ; +03)/nar5% 5, and E1(z) is the exponen-
tial integral function [11]. '

Proof: Consider the downlink first. From (4), the achiev-
able rate Fip L — 0 under strong full band Jammlng (02 BoIn >
O/DP4 n
tion, the sphttmg ratio p — 1 under strong full-band jamming.
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Hence, we can choose p = 1, i.e., all the received signals in
the downlink are used for energy harvesting. From (9), the har-
vested power is

N
Pen =co>nY 0% s (17)

n=1
Now consider the uplink transmission with equal
power allocation among all the subcarriers, i.e., P, =

(Pp + Pgm)/N,V¥n. Following (6) and (17), the achievable
rate of the uplink is lower bounded by
|9 |2> (18)

N 2
noyo
RULEZIOgQ 1+%
— 0a5t0

Then the average sum-rate of the proposed scheme is lower
bounded by
nayon g

N ey 2
R‘:::zqz Ellogy [ 1+ —51gal* |- (19

where £[-] denotes the expectation over |g,|. Using the equality
o e In(l + Br)dz = 25 By (%) ([11, eq. 4337.1]), we
can obtain the result in (16). ]

Discussions: Consider the downlink transmission under
strong jamming and without energy harvesting, i.e.,

rf%_ln > apPa.n|hn|? and p = 0. From (4), we have

N

P4 P |?

Rpr = Rjpy, = logy(e) y ZBmiZnl ‘;’”' |
n=1 UB,J,n.

(20)

where we have used the approximation that log(1 4+ &) ~
for small z. The optimal jamming power can be determined by
solving the following problem:

N
, min N Ry, st Z (7]23‘,].,,, =05, (21)

{ B, J,n =1 n=1 o i
which is given by 01237_]@ |hn\\/P4 ,LO'B 7 10 01 |hel

+/Par),Yn. Hence, for the jammer, the optlmal Jammmg
strategy is to adjust the jamming power level on each subcarrier
based on the knowledge of the channel, namely channel state
information (CSI) assisted adaptive jamming.

Moreover, we would like to point out that the proposed
scheme can readily be extended to the multiuser case, where
each user can perform energy harvesting separately with its own
power splitting ratio. For best performance, the power-splitting
ratios and power allocation schemes need to be jointly opti-
mized for maximum sum-rate.

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
scheme for a SWIPT OFDM system with /N = 16 subcarriers.
The path loss is given by ap = d~<, where d = 10 m is the
distance between the two nodes and « = 3 is the path loss
exponent. The channels are reciprocal with oy = ap and g,, =
Iy, ¥n. The jammer is close to node B with a total jamming
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Fig. 1. Example 1: Performance comparison under full-band jamming.
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Fig. 2. Example 2: Performance comparison under partial-band jamming.

power 30 dB stronger than that at node .A. We consider CSI-
assisted adaptive jamming. The energy conversion efficiency is
set to be 7 = 0.7. The maximum transmit power of node A is
P, = 20 dBm, and that of node B is Pg = 0 dBm. The noise
variances are given by 0% = —30 dBm, and 0123# =0%, =
—33 dBm, respectively. '

Example 1: Full-band jamming Fig. 1 shows the sum-rate
of the proposed scheme under CSl-assisted full-band jamming.
The overall jamming power at node B is (7]237 7= 22:1 % T
It is observed that for weak jamming (0%7,, < —5 dBm), there
is no benefit to harvest energy from the received signals. As the
jamming becomes stronger, the sum-rate of the conventional
OFDM system decreases rapidly. In contrast, for the proposed
scheme, the harvested energy in the downlink can improve
the performance of the uplink transmission, leading to a much
higher sum-rate than that of the conventional OFDM system. It
can also be seen that the performance of the suboptimal scheme
is very close to that of the optimal one.

Example 2: Partial-band jamming Fig. 2 shows the
sum-rate of SWIPT OFDM systems under partial-band jam-
ming where 4 out of 16 subcarriers are jammed. The other
settings are the same as in Example 1. We also assume that the
jammed subcarriers can be detected by the two nodes. It can
be seen that for the proposed scheme, the achievable sum-rate
improves under strong jamming through energy harvesting
from the received signals at node B.

Power splitting ratios versus the jamming power The op-
timal and suboptimal power splitting ratios for the above two
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Fig. 3. The power splitting ratios versus the jamming power.

examples are shown in Fig. 3. Clearly, for weak jamming, there
is no benefit to harvest energy from the received signals and
p = 0. For full-band strong jamming ((7]23’ 7 > 10dBm), p ~ 1,
which implies that almost all the received signals are used for
energy harvesting to enhance the uplink transmission.

V. CONCLUSION

In this letter, we considered power-splitting energy-har-
vesting receiver design for OFDM systems under hostile
jamming. We investigated the optimal power allocation and
power splitting ratio for sum-rate maximization. The achiev-
able performance lower bound under strong full-band jamming
was derived. Both analytical and simulation results showed
that energy harvesting can improve the sum-rate performance
of OFDM systems under strong jamming.
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