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Age of Information of Two-way Data Exchanging
Systems With Power-Splitting

Cheng Hu and Yunquan Dong, Member, IEEE

Abstract: We consider a two-way data exchanging system consist-
ing of an access point and a smart device. The access point has
a constant power supply and the smart device does not. The ac-
cess point simultaneously transmits information and energy to the
smart device over block fading channels, with fixed powers pF,
and pF, respectively. The smart device receives data and energy
at the same time, and stores the harvested energy in an energy
buffer. Upon collecting enough energy, the smart device performs
one block of transmission immediately. We investigate the timeli-
ness and the efficiency of the system in terms of age of information
(Aol) and data rate, respectively. We also investigate the trade-off
between downlink communications and uplink communications by
optimizing the weighted-sum average Aol and weighted-sum data
rate. Moreover, we present the optimal power-splitting ratio p and
the optimal weighting coefficient w explicitly or via efficient algo-
rithm.

Index Terms: Age of information, status updating system, two-way
data exchange, wireless power transfer.

I. INTRODUCTION

N modern real-time monitoring/controlling applications such

as status-sensing of environment [1], position/speed/ac-
celeration monitoring of vehicles [2], [3], providing timely in-
formation updates is an important and critical objective of the
system design [4]. To be specific, only those timely received up-
dates can reflect the current status of the system, and the out-
dated updates are generally useless. In this kind of real-time
applications, however, neither traditional delay nor throughput
is an adequate timeliness measure [5]. Note that when updates
arrive very infrequently, the latest received update might be gen-
erated a long time ago and hence is not fresh, even if its delay is
small; when the throughput is high, the received updates often
suffer from large queueing delays and would also be not fresh.
In [6], therefore, age of information (Aol) was proposed as a
new measure characterizing the freshness of received updates.
In particular, Aol is defined as the difference between the cur-
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rent epoch and the generation time of the latest received update.

The Aol measure has been used to evaluate the timeliness
of many communication systems. In multi-source systems [7],
for example, the authors formulated an Aol optimization prob-
lem and derived several general results that are applicable to
a wide variety of multiple-source service systems. In multi-
link systems [8], the authors considered a set of links to de-
liver all messages and addressed the link transmission schedul-
ing problem. In [10], a multicast network was considered in
which real-time status updates are replicated and sent to multi-
ple interested receiving nodes through independent links. Since
the Aol of an updating system is jointly determined by its ar-
rival process and its service process, most related studies were
developed based on queuing theory. For instance, the average
Aol of M/M/1, M/D/1, D/M/1 queueing systems under
the first-come-first-served (FCFS) policy was presented in [6].
Subsequently, the average Aol in other queuing models such
as D/G/1 and M/G/1/1 queues was given in [11] and [12],
respectively. Moreover, the average Aol of updating systems
under other service policies such as the last-come-first-served
(LCFS) policy [13], the zero-wait policy [14] was also well stud-
ied. In particular, it was shown in [15] that the LCFS policy with
preemption can minimize the average Aol of updating systems.
Furthermore, there were also works investigating the peak Aol
of updating systems, such as [16]-[18].

In many practical remote monitoring systems, the batteries of
sensors are often limited and cannot be recharged due to their
unaccessible deployments. To ensure the continuous and reli-
able functioning of these systems, energy harvesting and wire-
less power transfer (WPT) have been widely used as two promis-
ing solutions [19]-[40]. For example, the average Aol of energy
harvesting powered one-hop systems with causal energy con-
strains was investigated in [20]-[22]. In [23], the authors further
considered a two-hop network, where both the energy and the
data suffer from the causality constrains both for the source and
for the relay. The results in [24], [25] proved that the threshold
based update scheduling can minimize the long-term average
Aol in many scenarios. In addition, a series of works focused on
the timeliness of update transmission over error/erasure-prone
channels, e.g., [26]-[30]. Different from previous articles, [31]
considered a scenario where the timing index of update trans-
missions is also encoded to convey some messages, and studied
the tradeoff between the achievable message rate and the achiev-
able average Aol. In [32]-[36], the authors studied how the size
of energy buffers affects the average Aol and proposed corre-
sponding optimal offline/online update managing policies. For
an updating system with a unit-capacity battery, it was shown
that the optimal policy has a threshold based structure, which
was further generalized to updating systems with arbitrary-sized
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batteries [37]. For a massive MIMO system with hybrid time
switching and simultaneous wireless information and power
transfer system, the sum-rate maximizing power allocation was
studied in [38]. Moreover, the average Aol of a two-way data ex-
change system was presented in [40], [41], where a master node
possesses the unique power supply of the system and transfers
energy and data to the slave node alternatively. To be specific,
when the master node has no data packet to transmit, the mas-
ter node transfers energy to the slave node, i.e., using the time-
splitting scheme. When the slave node has collected enough en-
ergy to perform a block of transmission, the slave node starts
its transmission immediately to the master node. Although the
paper has presented a full characterization of the data exchang-
ing capability of the two-way data exchange system, the master
node and the slave node cannot transmit data at the same time.

In this paper, we consider a unilaterally powered two-way
data exchanging-system with power-splitting, where an access
point and a smart device exchange their own data over block
Rayleigh fading channels. Morever, we split the transmit power
of the access point into two parts: the power used for informa-
tion transmission with proportion p and the power for energy
transfer with proportion p. In doing so, information transmis-
sion and energy transfer to the smart device can be performed si-
multaneously. Accordingly, the smart device receives the trans-
mitted packets and collects the transferred energy from the ac-
cess point at the same time. Once the smart device has collected
enough energy to perform one block of transmission, it starts
to transmit immediately. At both the access point and the smart
device, we assume that new data packets are generated immedi-
ately after the transmission completion of the previous packet,
i.e., following the zero-wait policy. For both downlink and up-
link transmissions, we then derive closed form average Aol and
achievable data rate. We also consider how the power-splitting
ratio p affects the weighted-sum average Aol and weighted-sum
data rate of the system. In particular, we obtained the optimal
power-splitting ratio p* of this power-splitting system.

The rest of the paper is organized as follows. In Section II, we
describe the specific model of the system, including the channel
model and the data exchange model, as well as the definition
of Aol. In section III, we obtain the explicit form of average
Aol and date rate for both downlink and uplink communications.
The weighted-sum average Aol and the weighted-sum data rate
are optimized over the power-splitting ratio and the weighting
coefficients in Section IV. Finally, we present our simulation re-
sults in Section V and conclude the paper in Section VI.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a two-way data exchange
system based on power-splitting, where an access point and a
smart device exchange their own data in packets via block fading
channels. The access point has a constant power supply with
power P, while the smart device does not. At the access point,
its transmit power is split into two parts with a power-splitting
ratio p, where the first part at power Py = pF, is used for the
downlink information transmission and the other part at power
P. = pP, is used for the power transfer to the smart device
(p+p = 1). At the smart device, it stores the energy in an large-
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Fig. 1. Two-way data exchanging system with wireless power transfer.

sized energy buffer and performs a block of transmission to the
access point over the uplink channel when enough energy has
been collected. Moreover, data packets are generated according
to the zero-wait policy at both the access point and the smart
device, which means that a new data packet will be generated
when the transmission of previous packet is completed.

A. Channel Model

We have the following assumptions for downlink and uplink
channels.
Al Block Rayleigh-fading: Time is discrete and we denote
block n as the period between epoch n and epoch n + 1.
In addition, the power gain +,, follows exponential distri-
bution
£y () = Xe ", (1)

A2 AWGN noise: The received signal is distorted by additive
white Gaussian noise (AWGN).

A3 Low SNR regime: The total transmit power is small and the

received signal-to-noise ratios (SNRs) are much smaller

than unity at both the access point and the smart device.

Frequency division duplex: The downlink and uplink trans-

missions are carried out at different frequencies bands.

Let Ty be the block length, d be the distance between the ac-
cess point and the smart device, o be the path-loss exponent,
W be the limited system bandwidth, and Ny be the noise spec-
trum density. We set the uplink transmit power the same as
the average received power from downlink power transfer, i.e.,
P, = pP,/Ad®. That is, the downlink energy transfer exactly
meets the demand on the energy for uplink update transmis-
sions. Thus, the downlink and uplink data rates (in nats) that
can be transmitted in a block are, respectively, given by

A4

_P77L ﬁPtTB’Yn
b= Tyl (1 P ) ~ 2
n =BV U Ga N, doNy 2)
PP pPTwy;
W= TeW 1 (1 ) ~ , 3
e SIS VIT oA RS VT A 3)

where the approximations follow the Low SNR assumption.
Hence, both bfL and b} follow the exponential distribution.

B. Data Exchange Model

In order to make full use of the available energy, both the
access point and the smart device will generate a new packet
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Fig. 2. Sample path of downlink Aol A (n) (the upper envelop in bold).

immediately after the previous packet being completely trans-
mitted. However, the uplink and downlink transmissions are
slightly different. To be specific, since the access point has
a continuous energy supply, the access point would be always
busy transmitting information and energy to the smart device
over the downlink channel. On the contrary, the smart device
will not start transmitting data to the access point until it has col-
lected sufficient energy for a block of transmission. We define
the energy transfer efficiency n as the ratio between the power
P received in smart device and the power p P, transmitted by the
access point when the smart device is one meter away from the
access point, i.e., n = F,/pP;. Then the energy collected by the
smart device in block n can be expressed as

E, = npPTd™ . “

C. Age of Information

In this discrete time model, we assume that Aol does not
change within each block. In particular, the downlink Aol is the
difference between current epoch n and the generation epoch
Up(n) of the latest packet received by the smart device.

Ap(n) =n — Up(n). )

Similarly, the uplink Aol is defined as Ay(n) = n — Uy(n).

Fig. 2 depicts a sample path of downlink Aol Ap(n). The
access point generates a packet at epoch ni, and its transmis-
sion is completed at epoch n}. When the access point detects
the completion of the first packet at n/, a new packet would be
generated immediately. It is clear that n) and ny coincide with
each other. Thus, all the packets do not need to wait for its trans-
mission and the waiting time is zero. Therefore, the time that a
packet spends in the system is equal to its service time S.

In a period of time with N blocks, we suppose that the
smart device receives K packets. The data rate of the down-
link transmission can then be expressed as p = K/N. Further-
more, the average downlink Aol during this period is given by
Ap = (1/N) ¥25-, Ap(n).

As N approaches infinity, the average downlink Aol and the
downlink rate of the system are, respectively, given by

K—1
_ 1 1
Ap = A}I_I}(I)ON (Qo + Z Qr + §SK(SK + 1)) ,  (6)

k=1

297

- lim = ™

Likewise, we assume that M packets are delivered to the ac-

cess point during N blocks. Then the average uplink Aol and
uplink data rate are given by

M—-1

) 1 1
Ay = lim (Qo + mz::l Qm + 5Sm(Sm + 1)) . ®
fim L ©)

III. DOWNLINK AND UPLINK AOI

In this section, we first investigate the statistic property of
downlink service time. After that, we shall derive the average
downlink Aol and downlink rate in closed form. Finally, we
study the energy harvesting process and derive the average up-
link Aol and uplink rate in closed form.

A. Downlink Service Time

The downlink service time Sp is the number of blocks re-
quired to complete the transmission of a packet. In particular,
the probability p? = Pr{Sp = j} of Sp is given by the follow-
ing proposition.

Proposition 1: The probability distribution of downlink ser-
vice time Sp is given by

s_ G ~%, forj=1,2 10
pj_(j*l)!e pol0ry = 1,2, (10)
where
A Nod®
0= . 11
PTs (11)

Proof: See Appendix A.
The probability generating function and the first two order
moments of Sp are, respectively, given by

Gs(2) = E(25) = zes =71, (12)
E(Sp) = 111{17 Gs(z) =1+ %, (13)
E(S5) = lim G§(2) + Gs(2) (14)

0N2 30
(t) +—+1L
P p

Note that E(S) = 1+ 6/p is the average downlink service
time of packets and 6/ is the ratio between packet length [ and

the average amount of information that can be transmitted in a
block.

B. Average Downlink Aol

Based on the analysis in the previous subsection, the average
downlink Aol can be readily obtained, as shown in the following
theorem.
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Theorem 1: If 0 < p < 1, the average downlink Aol and
data rate of a two-way data exchanging system with zero-wait
policy are, respectively, given by

- o (9)2+4% 42
Ap=1+4—-4-L—£ (15)
° P 21+9)
1
n) = . 16
p(p) e (16)

where § = A Nyd®/PTg. Otherwise, it would be infinitely
large.

Proof: See Appendix B.

Next, we shall discuss two extreme cases about the average
downlink Aol and data rate.

Corollary 1: If p = o where o is an infinitesimal, the average
downlink Aol and the downlink rate are, respectively, given by

5,3 1

Ap =2 17
D 2+ 2 07 ( )
1

p= 7 0. (18)

In this case, since almost all the power of the system is used
for energy transfer to the smart device, the power allocated to
data transmission would close to zero. Thus, the average down-
link Aol Ap goes to infinity, and the downlink rate p goes to
ZEero.

Corollary 2: If p = 1 — o, where o is an infinitesimal, the
average downlink Aol and the downlink rate are, respectively,
given by

5 30 1

Ap=2+Z -~ 1

P=5t Y T aitey (19
1

P=1%0 0)

In this case, almost all the power of the system is used to
transmit data to the smart device and the power allocated to en-
ergy transfer is close to zero. Therefore, the average downlink
Aol Ap would approach its minimum and the downlink rate p
would approach its maximum Py

C. Energy Harvesting Process

We denote the energy collected in the ¢-th block and a period
consisting of j blocks as F; and e;, respectively. We then have

S . 1Phds : ’1
ej—; i—dT;%- (21)
According to [41], we have
pai=l
Je; () = ——e 1 (22)
(j—1!

In this data-exchanging system with power splitting and wire-
less power transfer, the efficiency of energy transmission would
be much smaller than unity, since the path loss exponent is large
and the energy transfer efficiency is small. The energy collected
by the smart device in a block, therefore, is often not enough to
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perform a block of transmission. In most cases, the smart device
has to wait for several blocks to accumulate sufficient energy.
Let 74 be the number of blocks for the smart device to accumu-
late enough energy to perform a block of transmission. Since
Ty may occasionally be smaller than unity, we further denote
s = max{1, 4 }. According to [41], we have

(23)
E(s) = = +¢ . 24
(s) ,Te (24)

We denote the number of transmissions to complete an uplink
packet as .S. Since the uplink service time Sy is the sum of S and
the time s; to accumulate energy for each block-of-transmission,

we have
s
SU: E Si.
i=1

The probability generating function and the first two order
moments of Sy can be readily obtained as

(25)

1 ANOd¥NT—1  xea

s _ - (AT -
Bl ) T e
Gs(z) = 2% (1), 27)
E(S) =1+ Aepd , 28)

Ndo\2  3A0d”
B(s?) = (“5-) + 41 (29)
P p

The moments of s; and Sy can then be given by the following
proposition.

Proposition 2: The first-two order moments of uplink ser-
vice time Sy and s; are, respectively, given by

E(s:) :% beh (30)
E(s?) =%+%+e*%, 31)
E(Sy) :(1 + Aepda) (l e*i), 32)
E(s3) =(1+ wpda) (n% + % +eh)

. <(A9pda>2 . ZAida) (% +6_%)2' 33

Proof: See Appendix C.

In the equations, the power-splitting ratio p take values be-
tween zero and unity, d* is the path loss, and 1/ is the expected
channel power gain. Also note that the power transmission effi-
ciency 7 is much smaller than unity.

D. Average Uplink Aol

In this subsection, we first study the average uplink Aol and
uplink rate, and then discuss two extreme cases of them.

Theorem 2: Given that 0 < p < 1, the average uplink Aol
of a two-way data exchanging system with zero-wait policy is
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given by
- A0d>N /1 1 1 1
AU:§(1+ )(7+e‘%) S+z
2 p n 2 2 n+n2e
1 p 1 1
- (= 34
2p+)\9da(n+e ). (34)
and the achievable uplink data rate is
) = Lo , (35)

(p+ A0d) (1 + e )

where § = AINyd*/PTg.

Proof: See Appendix D.

We then discuss the following two extreme cases of the sys-
tem.

Corollary 3: When p is an infinitesimal, i.e, p = o, the aver-
age uplink Aol and uplink rate are given, respectively, by

- 3A0d~ /1 _1 1
e
n

=——F)/— 0.
Agde (1 + e )

In this case, all the power of the system is allocated to the
downlink data transmission process. There is almost no energy
transferred to the smart device, and thus the packets of the smart
device cannot be transmitted to the access point. Therefore, it
is easy to understand that the average uplink Aol Ay goes to
infinity and the rate ¢ goes to zero.

Corollary 4: When p = 1 — o, where o is an infinitesimal,
the average uplink Aol and uplink rate are given, respectively,
by

(37

Ay :§(1 + /\eda) (1 + e‘%) TE NS
2 n 2 2 n + ,,72 e
1 1 1 1
21+)\9da(n teh),
q= : — (39)
(1+20d2) (5 +e )

In this case, all the power of the system is distributed to the
downlink energy transfer process. The amount of energy col-
lected by the smart device would then achieve its maximum.
Therefore, the average uplink Aol Ay is close to its minimum
and the uplink rate g reaches its maximum.

(38)

IV. DOWNLINK AND UPLINK TRADE-OFF

In this section, we shall evaluate the optimal trade-off be-
tween downlink communications and uplink communications
in terms of weighted-sum average Aol and weighted-sum data
rate. In particular, we shall minimize the weighted-sum average
Aol and maximize the weighted-sum rate through optimizing
the power splitting ratio p and the weighting coefficient w.

A. Problem Formulation

Let0 < w < 1and w = 1 — w be the weighting coefficients
for the uplink transmission process and the downlink transmis-
sion process, respectively. We are interested in the following
optimization problems.
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Problem 1: Minimizing the weighted-sum average Aol.

min A= ’lI)AD + UJAU,
p
sit. 0<p<1,

0<w<l1.

(40)

Problem 2: Maximizing the weighted-sum data rate.

max R = wp+ wgq, 41)

P
st. 0<p<1,
0<w<l1.

We shall also investigate how weighting coefficients w and w
affects the weighted-sum average Aol and weighted-sum data
rate.

B. Optimizing Aol

In this section, we shall investigated the relationship be-
tween the minimal weighted-sum of average Aol A* and the
power-splitting ratio p. Next, the relation between the minimal
weighted-sum of average Aol A* and weight w is studied for
each given p.

B.1 Age-Optimal Power-Splitting Ratio

For each given w, by taking the derivative of the objective
function in Problem 1 with respect to p, we have,

08 (30, 0
o 2(1—p)2  2(1+0—p)?
3a \0d* a AOd™
v <2 2 20 Aedw)Q) @

where a = 1/n + e~ /7.
We note that for each p € [0,1], (42) is a continuous and
derivable function. Also, it can be readily shown that

9*A

7 0p? lo<p<t

o
" Op lp=1

OA

- > 0.
8p p=0

(43)

Therefore, there would be exactly one p® € (0, 1) satisfying

o4 =0, 44)
Op lp=p°

which minimizes A. Since p® would be different if the weight-
ing coefficient w is changed, we shall rewrite the solution p°® as
a function of w, i.e., p°(w).

However, explicit p°®(w) is not available in general. To solve
Problem 1, therefore, we have proposed an iterative algorithm
based on Newton’s method, as shown in Algorithm 1. Then we
have
0<w<l.

A = Al o), (45)
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Algorithm 1 Tterative solution to p*(w).

Initialization:

1 Set the initial power-splitting ratio po,

2:  Set the maximum error &,,,y, the maximum number of iter-
ations Nmax;

Iteration:

3:  while n < npgy, [p(n+ 1) — p(n)] < emax do

4: update A using (19), (34) and (40);

50 pln+1) = p(n) —dA/d?*A,

6: n=n-+1;

7:  end while

B.2 Age-Optimal Weighting Coefficient

We then study how the weighted-sum average Aol A varies
with coefficient w for each given power-splitting ratio p. It is
clear that A is a linear function of w and the corresponding
derivative is given by

ON (5 36 1—p

ow <2+2u—p) ﬂ1+9—m)

3a A0d~ 1+an? a 0
Ba ) _a |
+ ( 2 ( + p * 2an? 2 p 4 \0d™

(46)
where a = }/n + e/, Since A is a linear functioq of w, it
clear that % is a constant for each given p. Thus, % can be

considered as a continuous and derivable of p € [0, 1] and we
can verify that

OA

ow ‘p:O

0%2A
" Qwdp

OA

— <0
’ ow ‘p:l

< 0. 47

That is, % is a decreasing function of p and there would be
only one p° € (0, 1) satisfying

OA

— =0.
ow lp=pe

(48)
When p° is used, the average downlink Aol is actually equal
to the average uplink Aol. In particular, we have the following
proposition.

Proposition 3: If p € (0, p°), the weighted-sum average Aol
A is minimized at w = 0. Otherwise (i.e., p € (p°,1)), A is
minimized at w = 1. That is,

~ A w=0>
Ar = Blw=0
A |w:1;

Proof: For p € (0,p°), it is clear that 22 > 0 and A
would be monotonically increasing with w. Thus, A is mini-
mized at w = 0. For p € (p°, 1), we have g—ﬁ > 0. Then we
know that A is monotonically decreasing with w and is mini-
mized at w = 1. m]

In fact, when the splitting ratio is equal to p°, the average
downlink Aol and the average uplink Aol are equal. Thus, the
weighted-sum average Aol A*|,. would be a constant indepen-
dent of weighting coefficient w. If p < p° holds true, the aver-
age uplink Aol would be larger than the average downlink av-
erage Aol. It is clear that the weighted-sum average Aol A*

0<p<p,

4
p°<p<l “9)
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becomes smaller when w is reduced, and converges to its min-
imum as w goes to zero. By a similar induction, we see that in
the case p > p°, A* would be smaller when w is increased, and
converges to its minimum as w goes to one. In practical two-way
data exchanging systems, it is suggested to use a power splitting
ratio around p°, which ensures the best Aol performance to be
achieved when the priority of both downlink and uplink can be
guaranteed, other than being dominated by a certain direction.

C. Optimizing Data Rate
C.1 Rate-Optimal Power-Splitting Ratio

First, we study how the weighted-sum data rate R changes
with power-splitting ratio p for each given weighting coefficient
w. By taking the derivative of R with respect to p, we have

OR —0 w  A0d?

I (1 w) L2 ,

dp I=p+0)2  a(p+A0do)?
where a = 1/n + e~ /1.

It can be readily verified that (50) is continuous and derivable
for p € [0, 1]. In particular, we have

0’R
Op?
which means that %—R is monotonically decreasing with p.

When different weighting coefficients w are used, both
%Ij | p=0 and %—}; |,=1 may take positive or negative values. Solv-

(50)

<0, ShH

ing w from equations %\pzo = 0 and %%|p:1 = 0, we have
the following three cases.

OR| o B o 0 <w<wo,
0p lp=0 ap lp=1
a—R > 0, a—R <0, wy < w < wy, (52)
dp lp=0 Ip lp=1
OR >0, oR >0, wy <w <1,
dp lp=0 Ip lp=1
where
aro2de a(l+ \0d>)?
wo and wy, =

T a2 + (1+0)2 a(1 + \0d*)2 + 62d

are the corresponding solutions. Then we have the following im-
mediate proposition.

Proposition 4: For each w € [0,wg], the maximum
weighted-sum rate is achieved when p = 0; For each w €
[wo, w1], the maximum weighted-sum rate is achieved when
p = p~(w), which is the solution to ‘?9—1; = 0; For each
w € [wy, 1], the maximum weighted-sum rate is achieved when
p = 1. That is,

Al,—o, 0 <w < wo,
A* = A |p:p>(w)7 wy < w < wi, (53)
A=, wy <w < 1.

C.2 Rate-Optimal Weighting Coefficient

For each given power-splitting ratio p, the derivative of R
with respect to w would be a constant given by

GRS S p
ow  1—p+60  alp+I0d*)’

(54)
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Fig. 3. Average Aol of the power-splitting system: (a) Average Aol versus power-splitting ratio p and (b) average Aol versus weight w.

where a = 1/ + e~ /7. We then have

OR OR 0’R
ot 0,5 | >0 69)
ow | p=0 ow lp=1 Owdp lo<p<i
and thus there would be a unique p € (0, 1) satisfying
OR
— = 56
90|y (56)
We then have the following proposition.
Proposition 5: The weighted-sum data rate is given by
Rw=0, 0<p<pT,
R — *I o 0<p<p 57)
R |w:17 P < 1Y S 1.

Proof: If p € (0,p9), g—g would be negative and the
weighted-sum data rate would be monotonically decreasing with
w. Thus, the maximum weighted-sum data rate is obtained at
w=0;If p € (p9,1), g—f would be positive and the weighted-
sum data rate would be monotonically increasing with w. Thus,
the maximum weighted-sum data rate is obtained at w = 1. O

In particular, it is noted that when p? is used, the average
downlink data rate is equal to the average uplink data rate. That
is, p? is the critical condition for the downlink data rate of the
uplink data rate to dominate the efficiency of the system.

V. NUMERICAL RESULT

In this section, we present the obtained results through nu-
merical results. We assume that the system bandwidth W is 1
MHz, the noise spectrum density is Ny = 4 X 10~7, the distance
d between the access point and the smart device is 1.5 m, and the
path-loss exponent « is 2. The total power P, at the access point
is 0.01 W, including the power pF; for information transmission
and the power pPF; for energy transfer. The transmit power of
the smart device is set as P, = pP,/Ad®. The length of each
packet is I = 100 nats and the block length is Tg = 1073 s.
The Rayleigh channel parameter is A = 3. The energy transfer
efficiency of the system is = 0.5.

A. Weighted-Sum Average Aol

We present the weighted-sum average Aol A = wAp+wAy
in Fig. 3. As shown in Fig. 3(a), A goes to infinity either
when the power-splitting ratio p approaches to zero or unity
and achieves its minimum when p is neither too large nor too
small. In fact, as p approaches zero, the power allocated of
downlink information transmission would be very small, lead-
ing to large downlink service times and large downlink average
Aol. On the other hand, when p approaches unity, the power
allocated to downlink energy transfer (then for the uplink trans-
missions) would be very small, leading to large period of energy
collecting and large average uplink Aol. Moreover, we see in the
left part of Fig. 3(a) that, the larger weighting coefficient w is,
the more the average uplink Aol (which is large) influences A,
so we have a larger A. On right part of Fig. 3(a), the average
uplink Aol would be small since p is large (i.e., more energy
can be harvested). Thus, A would be small when w is large.
Furthermore, the three curves do not intersect with each other at
the same point.

Fig. 3(b) describes how A changes with w. As is shown, A
is decreasing with w when p is large, is increasing with w when
p is small, and do not change when p = p°, which validates
Proposition 3. To be specific, when p is small, the power for
downlink information transmission is large. Thus, as the down-
link weight (1 — w) decreases, A would be increased. On the
contrary, when p is large, more power is available for uplink
transmission. If the uplink weight w is increased, A would be
decreased.

B. Minimum Weighted-Sum Average Aol

Fig. 4 presents how the minimum weighted-sum average Aol
changes with p and w. In Fig. 4(a), A is minimized over w (see
Proposition 3) and we see that the curve is non-differentiable. In
particular, at the non-differentiable point p = 0.913, the average
uplink Aol and the average downlink Aol are equal. In the right
part of the curve, the optimal weighting coefficient is w* = 1,
since p is large (more energy available at the smart device) and
the average uplink Aol is smaller than that of the downlink trans-



302

Optimal weighted-sum average Aol A*
5
o
T
L

w
=]
S
T
I

0 I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Power-splitting ratio p
(@
Fig. 4.
-3

14 7107 . . . . . T ; T
—w=0.7
-+~w=0.92

2r - w=0.95 | |

‘Weighted-sum data rate R

v v v

2 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Power-splitting ratio p

(a)

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 21, NO. 3, JUNE 2019

o
(=]
S

N
[
=]

Optimal weighted-sum average Aol A*
5
o

w w
=] a
S S

n
o
=]

150

0 I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
‘Weighting coefficient w

(b)

Optimal average Aol of the power-splitting system: (a) Optimal average Aol versus power-splitting ratio p and (b) optimal average Aol versus weight w.

0.03 T T T T T T T T T
—p=0.3
~p =0.9219
0.025 ©p=098 [

0.02

0.015

0.01

Weighted-sum data rate R

0.005

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Weighting coefficient w

(b)

Fig. 5. Average rate of the power-splitting system: (a) Average rate versus power-splitting ratio p and (b) average rate versus weight w.

mission. On the contrary, we have w* = 0 for the left part of
the curve because the average uplink Aol is larger.

In Fig. 4(b), A is minimized over p for each given w (see
(45)). It is seen that A* has the same value domain in both
Fig. 4(a) and Fig. 4(b), where A* is the smallest when (w, p) =
(0,0) and is the largest when (w, p) = (0.913,0.913). Since
non-zero and non-unity w is not optimal for the system (see
Proposition 3 and Fig. 4(a)), the A* presented in Fig. 4(b) is
generally larger than that of Fig. 4(a). However, optimizing p
for some given priority for downlink and uplink communica-
tions is more useful for practical communication systems.

C. Weighted-Sum Data Rate

In Fig. 5, we investigate the weighted-sum data rate
R = wp + wq of the system. As shown by the black non-
marked curve in Fig. 5(a), we observe that when w is relatively
small, R is decreasing with p. This is because R is mainly de-
pended by the dowlink rate in this case, which is decreasing
with p. When w is increased to the ratio between downlink en-

ergy use efficiency and total energy use efficiency, the downlink
rate and the uplink rate paly comparable roles in R. Thus, R is
increasing and then decreasing when p is increased, as shown
by the red triangle marked curve in Fig. 5(a). In particular, as p
approaches zero or unity, either the uplink rate or the downlink
rate term is approaches zero, which decreases R. When p lies
between zero and unity, the weighted sum of the uplink data rate
and the downlink data rate increases. When w is relatively large,
itis seen that R is increasing with p, as shown by the blue circled
curve in Fig. 5(a). Note that in this case, R is mainly determined
by the uplink rate, which is increasing with p since more power
would be allocated to downlink energy transfer and more power
would be available for uplink transmissions. Fig. 5(b) further
presents how R changes with w for a given p. Since both down-
link data rate (decreasing with p) and uplink data rate (increas-
ing with p) would be determined once p is given, R is actually a
determined linear function of w. For example, we observe that
when p is small (the black curve), R would be decreased if w is
increased. This is because the downlink rate is much larger than
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the uplink data rate in this case.

D. Optimal Average Rate

As shown in Proposition 4, the maximum achievable R* and
corresponding p* are depended with w. In particular, when w is
small (w < wyp), R is determined by downlink rate and the opti-
mal p is zero, i.e., all the power is allocated for downlink infor-
mation transmission and we have R = wp. Thus, we see from
Fig. 6(a) (logarithmic y-axis is used) that the optimal weighted-
sum data rate R* is decreasing with w linearly. On the other
hand, if w is close to unity (w > wy), all power would be al-
located to downlink energy transfer and thus we have R = wq.
Accordingly, we see from Fig. 6(a) that R* is increasing with w.
If wy < w < w;, the optimal power-splitting ratio p”(w) can
be solved from %—R = 0 as a function of w. The corresponding
optimal rate is shown by the smooth curve connecting the two
segments.

In Fig. 6(b), we presents the maximum weighted-sum data
rate R* for each given p. We have shown in Proposition 5 that

the optimal coefficient w* is either zero or unity. In fact, we
have w* = 0 for the the left part of the curve and w* = 1 for the
other part of the curve in Fig. 6(b).

E. Connection with Time-Splitting Two-Way Data Exchange

It has been shown in [40], [41] that the two-way data ex-
changing can also be performed through time-splitting. To be
specific, the access point generates a new packet with probabil-
ity p in each block. Whenever it has data in its queue, the access
point transmits its data to the smart device using all of its power.
During periods when its queue is empty, the access point trans-
fers energy to the smart device at its full power. Upon receiving
enough energy, the smart device can then perform information
transmission to the access point. Let .S; be a period transmitting
information to the smart device and I; be a period transferring
energy to the smart device, the ratio between the power for en-
ergy transfer and the total power can be expressed as

Z@'Kzll I
Ks o'
L+> .28

1=

prs = (58)

lim
K,
N— !
it
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where Kj is the number of periods transferring energy and Ky
is the number of periods transmitting information to the smart
device.

Since Y1 I + 3255, S, = N and
18
LI NIEEOW?SZS
= pE[S;]
=p(1+6), (59)
where 0 = /\1113\11%;1‘1 , we have
prs =1 —p(1+90). (60)

In Fig. 7, we present the weighted-sum average Aol and
weighted-sum data rate when the same portion of power is trans-
ferred to the smart device, i.e., p = prs. From Fig. 7(b), we ob-
serve that the weighted-sum data rates are almost the same for
the time-splitting system and the power-splitting system. That
is, with the same allocation of the available power between in-
formation transmission and energy transfer, we achieve the same
data rate in these two systems. In Fig. 7(a), we see that the
weighted-sum Aol of the time-splitting system is close to that
of a power-splitting system when p is small and is larger than
that of a power-splitting system when p is large. Note that when
p is large, the weighted-sum Aol is dominated by the average
uplink Aol. In the time-splitting system, since the uplink ser-
vice time of a packet consists of the downlink busy periods (no
energy transferred) and the period of energy harvesting, the cor-
responding variance would be larger than that of a power split-
ting system, which leads to a larger uplink Aol.

VI. CONCLUSION

In this paper, we considered the efficiency and timeliness of
the two-way data exchanging system with an access point and a
powerless smart device. Using power splitting scheme and wire-
less power transfer, the access point transfers a part of its energy
to the smart device so that the device can transmit its own data
back. We derived closed form expressions for the average down-
link Aol, the average uplink Aol, the downlink data rate, and the
uplink data rate. We also investigated the weighted-sum aver-
age Aol minimizing power-splitting ratios and weighting coeffi-
cients of the system. Our results presents a full characterization
for the efficiency and timeliness of the two-way data exchang-
ing system and shed lights on the system design for the two-way
data exchange with different priorities in the two directions.

APPENDIX A
PROOF OF PROPOSITION 1

Proof: Denote the probability distribution function of the
amount of information b¢ transmitted in a block as F(z), we
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have
Fi(z) =Pr{bS <z}
daNo.lﬁ}
=Prqv, < —
{’y pPTx

(61)

Thus, the corresponding probability density function (p.d.f.)
f1(z) is given by

dF1 (X)
hlw) = dx
ANd® _aNgd®
= e pPBRT
pPTp
]. x
= e, (62)
v
where v = )ZI\?‘OE'L . We further denote the p.d.f. of the amount of

information transmitted in k& (k = 1,2,3,--
and then have

-) blocks as f(z)

(63)

Thus, the probability that the downlink service time S equal to
7 which is the number of blocks is given by

{Zb <le >z}

/fjl iy [ () dx

1 1
— (1-2)e=%4 Ze vd
[t et

(ALNgd™ )51

— - PhT o M
(-1
@,
=L e, (64)
(-1
where 6 = Al Nyd*/PTg. This completes the proof of Proposi-
tion 1. O
APPENDIX B

PROOF OF THEOREM 1

Proof: According to (6), (7) and Fig. 2, we can get the fol-
lowing conclusions. First, the first terms ¢ and the third terms
(1/2)Spk (Spk + 1) is finite in (6). Thus, (6) can be rewritten as

B 1 K—-1
Ap = lim ) @k
k=1
K-1
K -1 1
S v kz_:l Qr
=pE(Qk), (65)
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where p is the downlink average data rate.

In addition, the waiting time is W}, = 0 because the access
point generates new data packet following the zero-wait policy,
which means that the downlink system time equals to the service
time Tpy = Sk. The average area of each () becomes

E(Qk) =E %(SH + Sk)(Sk—1+ Sk +1) — %Sk(Sk + 1)]

=E%(Sk) + %E(S,f) + %E(Sk). (66)
Combining the above results, we then have
Ap = pE(Qx)
2
~E0+ 5 3575,
:1+§+7(%)2+4%+2, (67)
p 2(1+ %)
P = s = T )
which proves Theorem 1. O
APPENDIX C
PROOF OF PROPOSITION 2

Proof: 1In the uplink data transmission, we set the power
as pP; /Ad®. Then the first-two order moments of the number of
blocks for the smart device to perform a block of transmission
is

(69)

(70)

According to (30), (25), (28), and (29), the first-two order mo-
ments of uplink service time Sy is

A0dN /1 1
E(Sy) =B(S)E(s) = (1+= =) (S +¢77). D
E(S3) =E(S)E(s?) + E(S* — S)E*(s;)
A0d¥N 1 1 1
—(1+7p )(T]72+5+e 77)
AOdN2  2X0d” 1 _1)\2
+<( 5 ) + 5 )(77+6 n) - (7))
This completes the proof of Proposition 2. a
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APPENDIX D
PROOF OF THEOREM 2

Proof: We use a similar method studying the downlink
Aol as that in studying the uplink Aol. In addition, by virtue of
(28) and (29), we can get the following results

Ay =qE(Qk)
= (E2(Su) + T E(S?) + 2E(Su))
E(Su) D
1 1E2(Sy)
= S — lisayms—
(S0)+ 3+ 5 F(sy)
3 NdoN /1 iy 11 1
0+ =) G 9+
P n+n*e
1 p 1 1
_Z (= " 73
2p+A9da(n ), 73
1
= P (74)
(p+ A0d*)(1 +ne™n)
which proves Theorem 2. g
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