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Abstract—The traffic in current wireless networks exhibits
large variations in uplink (UL) and downlink (DL), which brings
huge challenges to network operators in efficiently allocating
radio resources. Dynamic time-division duplex (TDD) is consid-
ered as a promising scheme that is able to adjust the resource
allocation to the instantaneous UL and DL traffic conditions,
also known as traffic adaptation. In this work, we study how
traffic adaptation and energy harvesting can improve the energy
efficiency (EE) in multi-antenna small cell networks operating
dynamic TDD. Given the queue length distribution of small cell
access points (SAPs) and mobile users (MUs), we derive the
optimal UL/DL configuration to minimize the service time of
a typical small cell, and show that the UL/DL configuration that
minimizes the service time also results in an optimal network
EE, but does not necessarily achieve the optimal EE for SAP or
MU individually. To further enhance the network EE, we provide
SAPs with energy harvesting capabilities, and model the status
of harvested energy at each SAP using a Markov chain. We
derive the availability of the rechargeable battery under several
battery utilization strategies, and observe that energy harvesting
can significantly improve the network EE in the low traffic load
regime. In summary, the proposed analytical framework allows
us to elucidate the relationship between traffic adaptation and
network EE in future dense networks with dynamic TDD. With
this work, we quantify the potential benefits of traffic adaptation
and energy harvesting in terms of service time and EE.

Index Terms—Traffic adaptation, dynamic time-division du-
plex, small cell networks, energy harvesting, energy efficiency,
multi-antenna systems, service time, Poisson point process

I. INTRODUCTION

In recent years, the increasing popularity of data hungry
applications, driven by the explosive growth of smart phones,
have posed great challenges to achieve the required data rates
[1]. To meet such stringent capacity demand, two significant
technological advances have been proposed: deploying ultra-
dense small cell networks to increase the spatial reuse gain [2],
and equipping base stations with multiple antennas to increase
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the spectrum efficiency [3]. The emergence of these two
concepts will accelerate the transformation of cellular network
architecture to heterogenous networks consisting of diverse
low-power small cell access points (SAPs) equipped with
multiple antennas overlaid within the conventional macrocell
network [4]. With such heterogeneity in cellular network
architecture and the irregularity in base station locations, new
cellular network models have emerged recently. Stochastic
geometry has been shown to be a powerful tool in capturing the
randomness of network nodes by using spatial point processes
[5]-[7]. By modeling the locations of base stations with the
Poisson point process (PPP), the performance evaluation of a
two-tier downlink (DL) heterogeneous network is considered
in [8], [9] and then generalized to a K-tier DL network in [10],
[11].

Meanwhile, the massive deployment of small cells and
the dramatic increase of multimedia applications result in
asymmetric and dynamically changing uplink (UL) and DL
traffic which varies significantly with time and between cells.
Time-division duplex (TDD) systems have the capability to
accommodate the changing traffic loads by varying the per-
centage of subframes dedicated to UL and DL transmissions,
referred to as the traffic adaptation [12].! To adapt to the
instantaneous traffic load, dynamic TDD with cell-specific
UL/DL configuration is now under consideration in small cell
networks by the Third Generation Partnership Project (3GPP)
[13], [14]. Particularly, eight network scenarios have been
considered in Release 11, where multiple picocells deployed
homogeneously or coexisted with multiple macrocells (on
the same or adjacent carrier frequency), can dynamically
adjust their UL/DL configurations. Furthermore, three of the
eight deployment scenarios have been analyzed in Release
12, where considerable enhancement in network throughput
was observed with dynamic TDD. However, dynamic TDD
gives rise to two new types of cross-link interference, namely,
mobile user-to-mobile user (UL-to-DL) interference and base
station-to-base station (DL-to-UL) interference [15], when the
neighboring SAPs operate on opposite modes.

The advantage of dynamic TDD over semi-static TDD in
packet throughput has been evaluated based on both sim-
ulations [16] and theoretical analysis [15], [17] in single
antenna small cell systems. Using the machinery of stochastic
geometry, analytical expressions have been derived for DL and

In TDD mode, a radio frame includes a number of subframes with each
subframe denoting the unit time for one DL or UL transmission. For instance,
in the TD-LTE (Long Term Evolution), one radio frame consists of ten
subframes with the duration of one subframe being 1 ms.
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UL coverage probabilities with dynamic TDD in single-tier
small cell networks [18] and two-tier heterogeneous networks
[19]. Particularly, in the full-buffer and fully-loaded network
scenario, the per-tier UL/DL configuration is optimized in
terms of the DL and UL coverage probabilities in [19]. How-
ever, the asymmetric UL and DL traffic loads are not captured,
and the relationship between service time and optimal UL/DL
configuration is not investigated.

On the other hand, green communications are drawing more
and more attention on a global scale. From the ecological
perspective, the information and communication technology
(ICT) industry is believed to be responsible for almost 4.5%
of the global greenhouse gas emissions by 2020 [20]. From
the economic perspective, the rising energy consumption of
mobile networks increases the energy costs and the operational
expenditures (OPEX) of the providers. It is therefore highly
important to improve the energy efficiency (EE) in future
networks. To enhance the EE of the network, several solutions
have been proposed, such as sleeping strategies [21]-[23]
and energy harvesting techniques [24]-[26]. Specifically, with
energy harvesting capabilities, base stations can harvest solar,
wind, or kinetic energy from the environment [27], and thus
reduce the use of conventional energy and the carbon foot-
print. Under the full-buffer assumption, optimal transmission
strategies have been designed to adapt to the given energy
arrival process in the single-antenna point-to-point link [28],
broadcasting channel [29], and heterogeneous networks [24].
Specifically, in [24], a K-tier DL energy harvesting hetero-
geneous cellular network is considered where the authors
study the availability region of the network and its impacts
on the network coverage probability. To relax the full-buffer
assumption, the data arrivals are explicitly incorporated by
considering an additional data queue at each transmitter for a
single-antenna isolated link [30] and a broadcasting link [31]
with the objective to minimize the packet transmission delay.
Most prior work concerns self-powered base stations and
mainly focuses on the DL case with full-buffer assumption,
while the effect of energy harvesting and dynamic TDD with
traffic-aware model on EE has not been investigated. Such
a network setting is of high practical relevance and leads to
important research questions, for which the solution will shed
light on the relationship between traffic adaptation, service
time, and EE.

In this work, we consider traffic adaptation within an energy
harvesting small cell network operating dynamic TDD, where
each energy harvesting SAP is equipped with multiple anten-
nas and operates spatial division multiple access (SDMA). All
energy harvesting SAPs are connected to the power grid to
ensure energy supply continuity, and preferentially consume
the harvested energy to serve the UL or DL data streams.
We consider a traffic-aware model and optimize the UL/DL
configuration based on the UL and DL data queue length
distribution. By modeling the rechargeable battery dynamics of
an SAP as a finite state discrete-time Markov chain (DTMC),
we derive the availability of the rechargeable battery and the
EE of the typical cell. Our main contributions are listed as
follows:

o We abandon the full-buffer assumption and assume a

given queue length distribution for UL and DL. We
derive the optimal UL/DL configuration that minimizes
the service time of the typical small cell, and quantify the
effect of UL/DL traffic loads on the network performance
in terms of coverage probability, service time, and EE.

« We propose several battery utilization strategies and show
that energy harvesting can improve the EE of the typical
small cell substantially in the low traffic load regime.

o We study the relationship between traffic adaptation and
EE. Our results demonstrate that the optimal UL/DL
configuration that minimizes the service time also leads
to the optimal network EE, while this conclusion does
not hold for the EE of SAPs and mobile users (MUs)
individually.

o We evaluate the effect of signal-to-interference-plus-noise
ratio (SINR) threshold on the service time and network
EE, and observe that under realistic conditions the opti-
mal setting of the SINR threshold can lead to a reduction
of 60% of the service time and an improvement of 230%
of the network EE.

The rest of the paper is organized as follows. In Section
II, the system model is presented. In Section III, the power
consumption model and the energy harvesting model are
presented. In Section IV, the coverage probability and EE is
derived. In Section V, the analytical results are validated via
simulations and the effects of key parameters are discussed.
Conclusions are given in Section VI.

II. SYSTEM MODEL
A. Network model

We consider a small cell energy harvesting network, where
the spatial locations of SAPs follow a homogeneous PPP
®, with intensity As. Each SAP is equipped with an energy
harvesting module and a rechargeable battery to store the
harvested energy. Considering the limitations of energy har-
vesting, the SAPs are connected to the power grid to ensure
energy continuity. The spatial locations of MUs, ®,,, are mod-
eled as a Matern cluster point process (MCPP) with intensity
Au = N g [5]. Specifically, the SAPs constitute the clusters’
parent process where each SAP is located at the center of a
cluster with radius R.;. Within each cluster, N daughter points
representing MUs are uniformly distributed and connect to
the SAP located at the cluster center. We consider that each
SAP only serves the N subscribed MUs. When an SAP is
requested by its subscribed MUs, it preferentially consumes
the harvested energy stored in the rechargeable battery.

Each SAP is equipped with M antennas, while each MU
has a single antenna.> All small cells operate the dynamic
TDD scheme, where a small cell configures flexibly in DL or
UL mode according to the instantaneous traffic load within
the cell. The transmission mode selection for small cells is
modeled by independent Bernoulli random variables (r.v.’s),
such that each small cell is configured in DL and UL mode
with probabilities gp and 1 — gp, respectively. In particular,

2By extending the single-tier model in this work into a multi-tier setting,
we can model the scenario that the SAPs in different tiers are equipped with
different number of antennas, similar to that considered in [10].
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I | Data Buffer status of MUs and SAPs
I | Battery Status of SAPs

Figure 1. An illustration of two-antenna energy harvesting small cells with
dynamic TDD scheme, where each SAP maintains two queues, one for data
and the other for the harvested energy. An SAP or MU enters into sleeping
mode when the DL or UL queue is empty.

we consider a dynamic TDD scheme without coordination
of the patterns of UL and DL subframes across the small
cells. Without coordination, it is impractical to have an exact
model of the set of DL SAPs and UL MUs in each subframe.
We therefore apply the independent Bernoulli approach which
satisfies the UL/DL configuration ¢p on average. The UL/DL
configuration, denoted by the multiplexing probability qp, is
not only determined by the UL and DL traffic conditions, but
also affected by the interference from neighboring cells [32].
An illustration of the system model is shown in Fig. 1.

B. Traffic load model

In the following, we abandon the full-buffer condition
typically assumed in prior work and propose a stylized traffic-
aware resource allocation model that can capture the general
trend and provide relevant insights related to traffic adaptation.
We assume that both the SAP and MU maintain an infi-
nite buffer to accommodate the incoming packets.We define
the marked point processes of MUs and SAPs where the
marker indicates the buffer status, i.e., the number of packets
stored in the buffer. We assume that the packet size ¢ [in
bits] is fixed, and thus, the queue length can be utilized
to represent the amount of traffic. For each SAP, we have
By = {(x, bex)|x € By, by ~ fyrr(w)} with by, indicating
the queue length vector of an SAP located at x to all its
associated N MUs. Specifically, we define bs x = {Bs;}¥,
and fi(w) = {fw,(w)}¥, with Bs; ~ fw,(w) denoting
that the DL queue length of the SAP for ith associated
MU follows the function fyy, (w). While for MUs, we have
@, = {(y, Buy)ly € ®u, Buy ~ fu(u)} with B, denoting
the queue length of an MU located at y. In the proposed
model, the queue length of both SAPs and MUs follows the
geometric distribution, which is consistent with the M/M/1
model [33]. Note that in practical scenarios, events that occur
in consecutive subframes are correlated [34]. In fact, the

variation of queue length over consecutive subframes results
in variations of the interference, which affects outage capacity
and service rate. Due to the coupling between the service rate
and the interference process, such an exact approach leads
to extremely complicated expressions that give little insight.
Therefore, we propose a stylized model that ignores these
correlations, but enables us to get more insights on the main
trends in traffic adaptation. In particular, we assume that the
queue length distribution is independent of the SAP’s and
MU’s locations, which allows to omit the position in the
subscript. With the geometric distribution, we have By ~
G(1— ps) and B, ~ G(1 — p,), where the parameters 1 — pg
and 1 — p, denote the fraction of idle time of the SAP and
MU, respectively. The probability mass function of By and B,
is, respectively, given by

Pr{Bs=k} = (1—p)pk, keN, (1)
Pr{B,=k} = (1—pu)pt, kel 2)
According to the M/M/1 model, we can write ps = %
(pu = %) where Ay (A,) and ps (uy) denote the packet

arrival rate and service rate of an SAP (MU), respectively.
Note that due to the dynamic TDD scheme, the service rates
s and g, are related to the UL/DL configuration ¢p. In
particular, a larger ¢p means a larger portion of time for the
DL transmissions, which increases the overall DL service rate
us over the whole radio frame. Opposite effects hold for UL
transmissions. To reflect the effect of qp on the service rate,
we define Hs = Hs,min + Ksqp and Hu = Hu,min + ’iu(1 - QD)
where kg, Ky > 0 are system parameters, fis min, fu,min > 0
denote the minimum DL and UL rates achieved when qp — 0
and ¢p — 1, respectively. We define the service rate us as
a linear function of ¢gp, as we assume that the DL service
rate increases linearly with the allocated fraction of time. The
same holds for the definition of u,. With the above definition,
we have pg = m and py, = m For the
queues to be stable and the network to achieve a stationary
distribution, we require ps < 1 and p, < 1, which leads to
As < Hs,min + Ksqp and Au < Hu,min + ’{u(l - QD)-3 The
condition fts min, HMu,min > 0 is due to a technical reason
to ensure the queue stability, i.e., ps, py < 1 within all the
range of qp. When the network is in the stationary state, the
probability that the queue length is empty for a random SAP
and MU is, respectively, given by

A,

s, min + KsqD ’
Ay

Hu,min + K/u(l - qD)

Pr{B,=0}=1— 3)

Ps,void

Pr{B,=0}=1—

G

Pu,void =

We observe that gp affects the void probabilities pg yoiq and
Du,void Which change the active intensities of DL SAPs and
UL MU, respectively. The expectation of the queue length of

3The parameters ks € (0,1) and xu € (0, 1) are used to reflect the effect
of gp on ps and i, and different values of these parameters will not change
the overall conclusions of our work.
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Figure 2. Minimum required buffer size K as a function of ps for
different packet dropping probability threshold e.

a random SAP and an MU is then given by

ps As
1-— Ps B Hs,min + Ksqp — As
u AU

E[B,] = - = .
1- Pu ,uu,min + K/u(l - qD) - Au
Denote the spatial locations of active SAPs in DL mode
and active MUs in UL mode as ®2 ~ PPP()\;p) and ®%.
According to the thinning property of PPP, we have A\;p =
qpAs(1 — Psvoia)-* We also make an independent thinning to
the UL MU, such that the intensity of active MUs is given by
Au,t 2 (1 —gp) NaAs where N, 2N - Pu,void) | denotes

the number of active MUs associated with each UL SAP.

; ®)

(6)

Remark 1. The infinite buffer assumption results from a
balanced tradeoff between realistic modeling and tractability,
and whether the hypothesis is realistic depends on the traffic
load and the actual buffer size. The use of a finite buffer
leads potentially to dropped packets. To evaluate the impact
of buffer size on the packet dropping probability, we define
the buffer size of an SAP and an MU as Ky and K. In the
following, we take the DL case as an example, but the results
are also applicable to the UL case. Let Py, denote the packet
dropping probability of a DL packet, which can be derived as

KS

Parop = Pr{Bs > K} =1 — Z (1= p)pt = pitt
k=0
To evaluate the error caused by the infinite buffer assumption,
we define a packet dropping probability threshold e. For
realistic values of e, the buffer size K can be approximated
to be infinite if Pg.,, < €, and solving for K yields

4Note that we assume that an active SAP in DL mode simultaneously serves
all the N MUs in the analysis. While this assumption is reasonable since even
the number of MUs served by an active DL SAP is smaller than NV, these
MUs still occupy the total available bandwidth and consume all powers of
the antennas, which is equivalent to serving N users.

51t is worth noting that for technical reasons we approximate the number
of active MUs to be an integer by employing the ceil operator.

K > (loge/logps) — 1. To include the constraint on the
buffer size, a M/M/1/K queueing model should be applied,
where the void probabilities and the expectations of the queue
length can be derived similarly to Eq. (3) to Eq. (6).

Figure 2 exhibits the minimum required buffer size K as a
function of p for different packet dropping probability thresh-
old €. We observe that the instability region where Pq,o, > €,
shrinks with increasing e. Specifically, in the worst case when
the network is heavily loaded with p; = 0.99, K, = 687 is
required to satisfy the very strict packet dropping probability
threshold e = 0.001. While in most general network scenarios
with ps € (0,0.9], a finite buffer with size K < 65 is enough
to satisfy even the strict packet dropping probability constraint.

C. Channel model and transmission scheme

The channel model consists of pathloss and fading, where
the pathloss function is given by g (||z||) = W with a > 2
the pathloss exponent. We consider the block fading model
with each block the duration of one subframe. The analysis is
conducted within one subchannel that is exposed to flat fading
rather than frequency selective fading. The fading power from
a transmitter to the typical receiver is assumed to be an
independent and identically distributed (i.i.d.) exponential rv.
h ~ exp(l), which corresponds to the Rayleigh fading. We
consider the SDMA scheme, where the total number of MUs
N served by each SAP does not surpass the number of
antennas M, ie., N < M. Thus, in each cluster, all the
MUs can be simultaneously served by its associated SAP. We
consider zero-forcing (ZF) precoding at the DL SAPs, and ZF
receiver at UL SAPs with perfect knowledge of the channel
state information (CSI).® The channel power gain between an
SAP and an MU is different when the SAP acts as the serving
SAP or interfering SAP in both DL and UL mode, which is
discussed in more details in Section IIL

D. Traffic Adaptation

An important advantage of dynamic TDD is traffic adap-
tation which refers to the adjustment of the fraction of time
for UL and DL transmissions to adapt to the instantaneous
UL and DL traffic loads. Adopting the appropriate UL/DL
configuration gp to match the instantaneous traffic demands
in DL and UL leads to improved packet throughput, energy
saving, and reduction of packet delay. In this work, we use
the service time to illustrate the benefits of traffic adaptation,
which is defined as follows.

Definition 1. (Service Time) Given the queue length of the
tagged SAP (for the typical MU) B and the queue length
of the typical MU B,, the DL (UL) service time 72 (V) is
defined as the required number of radio frames to successfully
transmit all the DL (UL) packets, and the cell service time
Tt cenl is defined as 7t cen = max{r>, 77}.

9ZF beam-forming with imperfect CSI can be incorporated in this frame-
work by using tools from [35], [36]. Compared with other linear receivers,
such as the minimum mean-square error (MMSE) receiver, the ZF receiver has
low complexity and allows us to provide important system design guidelines.
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Table I
TABLE OF ABBREVIATIONS AND SYMBOLS
[ Notation | Description
3GPP, TDD Third Generation Partnership Project, time-division duplex
UL, DL, SINR Uplink, downlink, signal-to-interference-plus-noise ratio
SAP, MU, r.v.’s Small cell access point, mobile user, random variables
PPP, MCPP Poisson point process, Matern cluster point process
ZF, CSI, ARQ Zero-forcing, channel state information, automatic repeat-request
EE, SDMA, OPEX | Energy efficiency, spatial division multiple access, operational expenditures
CDF, PDF Cumulative distribution function, probability density function
DTMC, ICT discrete-time Markov chain, information and communication technology
D, O, Point processes modeling the locations of total SAPs and MUs
b b Marked point processes of SAPs and MUs with markers Bs and B,
s) *u respectively denoting the queue length of an SAP and MU
o2, B Point processes modeling the locations of DL and UL SAPs

qp Probability that an SAP operates on DL mode

As, A\u Deployment intensities of SAPs, and MUs
P, Qu DL transmit power to each MU, transmit power of each MU
M, N # of antennas of each SAP, maximum # of MUs served by each SAP
2o, hY, Channel power of direct typical link in DL and UL mode with the distribution

oo ~T(M — N +1;1), h§ o ~ (M — N, + 1;1)

D U
9x;,SAP> 9x;,SAP

Channel power of the interfering link from a DL SAP located at x;
to the typical receiving MU and the tagged UL SAP with the

distribution g% sap, gu, sap ~ L(N;1)

D U
gMuU> 9MU

Channel power of the interfering link from a UL MU to the typical receiving
MU and the tagged UL SAP with the distribution giju, gy ~ Exp(1)

YD, YU, Rl DL and UL SINR thresholds, radius of each cluster
s, By Queue length of a random SAP (for each MU), and a random MU
As, Ay Packet arrival rate to a random SAP and a random MU
s, min, fu,min Minimum service time of a random SAP and a random MU

enes

Energy harvesting threshold, the rechargeable battery capacity

Given the queue length distribution of both SAPs and MUs,
our objective is to minimize the service time of the typical
small cell by setting an optimal UL/DL configuration gp.

Remark 2. We consider the static case, where the locations
of SAPs &, and MUs &, remain unchanged during the
transmissions [37]. When the transmission starts, new arriving
packets at the transmitter are not taken into account. We
consider the stop-and-wait automatic repeat-request (ARQ)
protocol without limit on the retransmission times, where the
feedback channel is assumed to be error-free and delay-free
[38]. Moreover, the transmissions in different subframes are
assumed to be independent.

We consider constant bit-rate coding, and define vp and
vy as the DL and UL SINR thresholds. A packet is said to
be successfully transmitted if the received SINR is greater
than the given threshold. Otherwise, the packet returns to the
head of the queue awaiting retransmission in the subsequent
subframes. The coverage probability in DL and UL mode is,
respectively, given by

Pp = Pr(SINRp > vp), Py = Pr(SINRy > v). (7)

Given the available bandwidth W, the target rate R, is given
by Ry = Wlogy(1+,), £ € {D,U}. By definition, the outage
capacity of the typical link in mode ¢ is given by R,Py, ¢ €
{D,U}.

Define the duration of a radio frame as Ty = Ng¢ - 7sr With
Ngt and 75 denoting the number of subframes within a radio
frame and the duration of a subframe [in seconds]. The fraction
of subframes dedicated to the DL traffic, i.e., the DL duty
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cycle, is derived as gp = 17\;—‘1, ng < Ng. Similarly, the UL
duty cycle is given by 1 — ¢gp = N]fvi_f”d In each subframe,
we denote 1(siNrp>~p1 and 1{siry>+y} @s the transmission
indicators for the DL and UL. Given ¢p and the queue length
distribution, the number of radio frames required to complete
the DL and UL traffic are, respectively, derived as (8) and (9),
at the top of next page, respectively. Note that in (8) and (9),
(a) and (b) are derived by applying Jensen’s inequality to the
convex function <, z > 0, and ¢pTt and (1 — gp)T% in the
denominator, respectively, denote the duration of DL and UL
subframes within a radio frame. Thus, the service time of the
typical cell is derived as

Te :max{TtD, TtU} (10)
Obviously, the UL/DL configuration ¢p has considerable effect
on the service time of the small cell.

Define the duration of one subframe 74 as the unit time, the
average ratio of subframes required to successfully transmit the
DL traffic to those required to successfully transmit the UL
traffic is given by

Bss/TstRp1{siNRp >0}

==K
Bus /Tt Rul {sinry >0}

Y

To minimize the service time of the typical cell, ¢p should be

set to match the subframe ratio defined in (11), i.e., ﬁ =E.

Thus, we have the optimal UL/DL configuration g given by

[1]

an =

(12)

(1]
+
[t
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D [ Bss } (;) S E [Bs] Ass ®
T = = 5
¢ aoTtRplisnry>yp) | TERD E [Lisivgy>p}]  TERDPD (ts,min + Ksgp — As)
E [ Byg ] (;) S E [B,] Aus
,7— — = .
¢ (1 —gp) TiRulgsivgysvy | — (1= ) TiRu E [Lismrysaot] (1= @) TrRUPU (fumin + £u(l = gp) — Aw)
9)

III. POWER CONSUMPTION AND ENERGY HARVESTING
MODEL

A. Power consumption model

In this section, we present the power consumption model
for both SAPs and MUs. Considering the traffic loads, an
SAP in DL mode or an MU in UL mode is active only
when its queue is not empty. Otherwise, the DL SAP or
the UL MU enters into the low-power sleeping mode, as
such, in a given subframe, an SAP or an MU operates in
one of the three modes: transmitting, receiving, or sleeping.
By incorporating the effect of traffic load and differentiating
the power consumption of SAPs from MUs in both DL and
UL, the proposed power consumption model leads to a more
accurate insight into the power consumption under realistic
conditions in TDD networks.

In the DL subframe, the power consumption of an active
SAP serving n MUs is given by [39]

Pon = nﬂPs + MP. + Pop, n > 1, (13)

S

where P; is the transmit power of an SAP to each MU, ng €
(0,1] is the efficiency of the power amplifier, M P. denotes
the dynamic circuit power consumption which is proportional
to the antenna number M, and Py p is the static power of an
active SAP in DL mode, which includes the cooling power
and the baseband processing power. The power consumption
for a receiving MU is given by Qrec = @r + Qdec + Qo.0s
where @, Qdec, and Qo p, respectively, denote the average
power consumption of each MU’s receiver antenna unit, the
power consumed for decoding the desired DL signal, and the
static power for an MU in DL mode.

In the UL subframe, the power consumption of an active
UL SAP serving n MUs is given by

Rec,n = nPgec + MP; + Ppua + PO,U7 n>1, (14)
where Pgo. is the power required to decode each MU’s en-
coded information stream, P, denotes the power consumption
of each SAP’s receiver antenna unit, P,,q is the power
consumption for the multiuser detection, and Py is the
static power of an active SAP in UL mode. The power
consumed by each active MU in UL mode is modeled as
Qn = W%Qu + Q¢ + Qou, where n, € (0,1] represents
the efficiency of the power amplifier of each MU, @Q,, Q.,
and Qo,u denote the transmit power, circuit power and static
power for an active MU in UL mode, respectively. For the
sleeping mode, the power consumption of an SAP and an MU
is, respectively, given by Pieep and Qsicep-

B. Energy harvesting model

Each SAP is equipped with a rechargeable battery with
finite capabilities to accommodate the harvested energy. We
assume that a rechargeable battery has K + 1 levels with level
0 and level K indicating an empty battery and a fully charged
battery. Define A(t) and B(t) as the incoming energy and the
battery energy level of an SAP at the beginning of subframe
t. We model the energy arrival process {A(t)}$2, as an i.i.d.
Bernoulli process with Pr{A(t) > Cone} = v, Where Cepe [in
Joule] is the energy harvesting threshold to activate the energy
harvesting circuit [40]. If A(t) > Cepe, the energy harvested
within subframe ¢ is assumed to be Cl,,, which is referred to as
one energy unit. Otherwise, no energy is harvested. The energy
arrival process is assumed to be independent for all SAPs [41]
and can happen simultaneously with data transmissions. The
sequence of battery energy levels {B(t)}£2,, can be described
by a finite state DTMC with the state space {0,1,..., K},
where state k means that the rechargeable battery has ac-
cumulated kCepne Joule energy at the beginning of subframe
t > 1. We define the transition probability of the DTMC as
Pkom = Pr{B(t) = m | B(t — 1) = k} with k,m < K. For
the energy harvesting model, we have the following modeling
assumptions.

Assumption 1 (Power consumption for each MU): Suppose
that the MUs associated with the same SAP share all the power
components as given in (13) (for DL) and (14) (for UL). The
power consumptions for serving each MU in DL and UL are
redefined as Py = L Py n and Prect = & Prec,n, Where N
is the total number of MUs associated with each SAP.

Assumption 2 (Energy unit and battery capacity): Suppose
that one energy unit Ceye is enough to support one UL data
stream, i.e., Cene = Prec1 T with T' denoting the duration of

one subframe. Define w = [%—‘ and we have me =
wWCene, Where [-] is the ceiling 0p%rator. The energy consump-
tion for serving N DL and UL data streams are respectively
given by PynT = wWNCope and PoeeNT = NCope. We define
the battery capacity as KCepe = cwNCope, ¢ € N, which
means that a fully charged battery can support N DL data
streams for ¢ continuous subframes (or N UL data streams

for cw subframes).

The above assumptions provide a feasible way to map the
energy consumption of an SAP serving different number of
data streams to the corresponding battery energy levels. This
simplifies the analysis of the DTMC without losing insights
from the energy harvesting technique. Keep 15rec,1 unchanged,
increasing Ceye improves the availability of the rechargeable
battery and enhances the EE. While a larger w means an
increasing power consumption on DL, which decreases the
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availability of the rechargeable battery and leads to a decrease
on EE.

With the energy harvesting model, we are interested in
the effect of different battery utilization strategies on EE.
Specifically, we consider the following two strategies.

Strategy 1: The rechargeable battery is not activated until
the harvested energy is enough to support /N data streams in
either DL or UL mode. In other words, the battery is available
for UL and DL transmissions when the energy level is no less
than NV and wN in the next subframe.

Strategy 2: The rechargeable battery is available for UL and
DL transmissions as long as it has accumulated enough energy
to support one data stream in either mode. In other words, the
rechargeable battery is available for UL and DL transmissions
when the battery energy level is no less than 1 and w in the
next subframe.

avl avl

We define the probability py’,, and p{,,, m € {1,2} as
the availability of the rechargeable battery for DL and UL
transmissions with Strategy m. When the rechargeable battery
is unavailable or the harvested energy is not enough to support
all users, the SAP resorts to the back-up power grid. Letting

7 = {mo,m, -+ ,7x} denote the steady state probability
vector, and in the steady state, we have wP = 7, where
P = [prm](k+1)x(k+1) denotes the transition probability

matrix. The stationary probabilities {m;} can be computed
by solving 7P = 7 under the constraint >, 7 = 1. In
Lemma 1, we present the availability of the battery for DL
and UL transmissions with different strategies.

Lemma 1. Given 7, the availabilities of the battery for DL and
UL transmissions under the two battery utilization strategies
are respectively given by (15) and (16):

K K
1 1
Ph1 = VAwN-1+ E Tk, DU =VAN-1+ E Thes
k=wN k=N
(15)
K K
avl Z avl Z
pg\:Q = VUTy—1+ Tk p%‘,lz = vmo + Tk, (16)
k=w k=1

where we assume K = cwN with ¢,w, N € N, and w > N.

Proof: Take DL as an example, with the stationary
probabilities {7}, a battery is available as long as the
harvested energy level in next subframe is no less than
wN and w with Strategy 1 and Strategy 2. Thus, we have
i =1—(1—v)myn—1, and py’y =1 — (1 — v)m,_1. The
final results are derived by reform{llating the probabilities. []

Remark 3. Although it is in general difficult to derive the
stationary probabilities in closed-form, we can derive {m}
numerically by using standard software with transition proba-
bilities given in Appendix A.

IV. PERFORMANCE ANALYSIS

A. Coverage probability

In DL mode, the received signal for a typical MU located
at the origin O is given by

Yo = \/Ero_fhg)owo,oso + Z VP %0 |72

x; €D\ {0}
-hg,iWisi + Z VQu |l 2o, 7% hojuj + no,

z; €PY,

a7

where P, and (), are the transmit powers of SAP (to each MU)
and MU, sg € C is the normalized desired data symbol from
the tagged SAP located at xg, s; € CV*! is the normalized
transmit data symbol vectors of SAPs located at x;, u; € C
is the normalized data symbol from the UL MU located at z;,
and the additive Gaussian noise is given by ng ~ CN(0,02).
The channel vector from the serving DL SAP located at x to
the typical MU is denoted by hg o € C**! and that from the
interfering DL SAP located at x; is denoted by hg ; € CM*1,
For the UL MUs, the channel gain from z; to the typical MU is
denoted by hg ;j ~ CN(0,1). The vectors hg, hg ; are assumed
to have i.i.d. CA/(0,1) entries, which are independent across
DL SAPs, W, = [w; x]1<k<n € CM*¥ is the ZF precoding
matrix set by the DL SAP located at x;.

From (17), the SINR at the typical MU associated with the
DL tagged SAP is given by

Porg ™ || hg),oWO,O s

SINRp =
P Insp + Iusp + 027

(18)

where Ip_p and Iy_,p, respectively, denote the aggregate
interference from DL active SAPs and UL MUs, given by

Inop = > Pollxeq 7R ;Wi 2, (19)
% €22\ {0}

oo = Y Qullzog 7% hoy I”- (20)
z;€DY

Denote H; = [ho,..., 0y, ... hy_14]T € CV*¥M as the
channel matrix between a DL interfering SAP and all the
N MUs associated with it. The direction of each vector
channel is represented by hy ; £ uﬂﬁ’ where || - || denotes
the Euclidean norm. With ZF precoding, the columns of the
precoding matrix W; = [w; x]i<k<n € CM*N are exactly
the columns of the pseudo-inverse HY £ HI(HH!)~!
CM*N where (.)T and (.)" respectively denotes the conjugate
transpose and the pseudo-inverse. When the queue length
of the SAP is not empty, it simultaneously serves all the
N associated MUs and the desired channel power gain can
be derived by A, =| hfwoo |[>~ T(M — N +1,1)
[10]. The DL interference channel power gain is given by
92 sap =| b ;Wi [>~ T(N,1), and the UL interference
channel power gain is derived as gbj; =| ho,; |*~ Exp(1).
In UL mode, we assume that the typical UL MU is located
at zo, and the tagged SAP is located at the origin, 7o =|| 2o ||
The M —dimensional received signal y at the tagged SAP
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located at the origin is given by

\/@T(;%go,ouo + Z VPs || %04 ||~

x; €EPD

+ > VQull 2o 7% gojuj + no,

z; €Dt

% ’Hgﬂwlxl
(21

where up and u; are the normalized transmit signal data
symbol from the UL MUs located at zo and z;, respectively,
and x; € CM*M represents the normalized signal vectors of
active DL SAPs located at x;. The additive Gaussian noise is
given by ng ~ CN(0prx1, 0?1 ). The channel vector from
the typical UL MU located at z, to the typical SAP is denoted
by go.0 € CM*! and that from the interfering MU located at
z; is denoted by go ; € CM*1. For the interference from DL
active SAPs located at x;, the channel vector to the typical
SAP in UL mode is given by ’H&i € CM*M_ The SINR at
the typical SAP is

Quro ™ || V(T)go,o 12

SINRy = T ;
Inu + Iusut | vine |2

(22)

where the aggregate interference Ip_,y and Iy_,y, and the
noise power are respectively given by

Inou = > Pollxoq |7 viH§ ;Wi |2, (23)
Xi€<I>?

ooy = Y, Qullzos 7% vigo, > | vine [P=0
ZJG(I)E

(24)

For the UL active SAPs, the average number of served MUs is
N, < N which is a function of ¢p and A,. We consider the ZF
receiver, where a unit norm receive filter vo € CM*1 is chosen
orthogonal to the channel vectors of other N, — 1 interferer
associated with the same tagged SAP, i.e., | vggo,j |2= 0 for
j =1,...,Na — 17 As is derived in [42], we have hg, =||
vigoo I°~ T(M — N, + 1,1), 9o = V(Jggo,j 2~ Exp(1),
and g sp =| ViH) ;Wi [P~ T(N, 1),

Lemma 2. Given that the typical link length is r, the Laplace
transform of interference Ip_,p, Ip_.u, Iu_u, and Iy_,p are,
respectively, given by

‘CID—>D (3) = ACID_,U (5)
= exp(_ﬂ-qD)‘S(l _ps,void)(SPS)EC(Oé,Z\U)7
(25)
‘CIUHU (3) ‘cIUHD (S)
= exp(—ﬂ'(l - qD)Na)\s(SQu)%a(a)>7 (26)
where
N
caN) =23 (j,f) B(N—k+ 2 k=2),d(0) & LT,
k=1
Na = |—N (1 _pu7void)-|, and B(a, b) = fol Ua_l(l —’U,)b_ldu

is the Beta function.

1t is worth noting that when N, = 1, the ZF receiver becomes the maximal
ratio combining (MRC) technique.

Proof: See Appendix B. O

Theorem 1. The coverage probability of a typical MU in DL
and UL mode is, respectively, given by

o (_S)i J 27'0
PD: o ; il L:IIN( )2]1'32 1111;[ '
(27)
R MLa (—v) J 2r0
Py :/0 Zz; il ﬁIIN(v)Z]ﬂ]z il H l' ' d 70,
(28)
where s 73320 , %:" , Na =[N (11— puvoia)], and
2
‘CIIN ($) = eXp(—x02 - 7TQD)‘S(l - ps,void)(xp‘) “
2
Clay, N) — (1 — gp) Nals (xQu)° d(a )),
-1,
gl(x) = —0°14oy) — H(a —n)ze! [TFQD/\SU — Ds,void)
n=0

PC(a, N) — (1 — qD)NaAsgéa(a)].

Proof: See Appendix C. O

With Pp and Py derived in Theorem 1, and combining
with (12), we derive the optimal UL/DL configuration ¢f; that
minimizes the service time in Theorem 2.

Theorem 2. The UL/DL configuration that minimizes the
service time of the typical cell is the fixed solution of the
following function

A(Ha, min—Autru)

= Ar
s nlixl_As+KS+A(Nu min_Aqu'K/u)’ ks w
©(qp) ~ { He e ’
2(rs—Arg)’ Ks 7 ARy,
(29)
where
4 b AsRylPy
Aul:{D]P)D ’
B £ 4A (ns - Aﬂu) (,Ufu,min + Ky — Au)
+ (,LLs,min - As + A (,U/u,min + 2/$u - Au))2 )
C é ,Us,min - As + A (,uu,min + 2/"iu - Au) .
Namely, if the optimal UL/DL configuration is ¢f;, we have
e(ap) = ap-
Proof: According to (11), we have
_ |:Bs§/TszD1{SINRD>’YD}:|
Bu§/7szU 1{SINRU>7U}
= IE[BS} ]E{i] Ry .E[l{SINRU>’YU}}
B.,d Rp L{sINRp >0}
(;) As]-:{U (,U/u,min + /fu(]- - qD) - Au) . E|:1{SINRU>’YU}:|
o Au];{D (Ms,min + Rsqp — As) 1{SINRD>'YD}
b As ]P u,min u 1-—- - Au
(:) R/U U (/’L 5 + K ( qD) ) (30)

Au}{D]P)D (,Us,rnin + Ksqp — As)

where (a) follows by applying Jensen’s inequality to the
convex function % x > 0, and (b) follows by ignoring
the dependence between SINRy and SINRp, and using the
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re s . . A ARuP
Jensen’s inequality. Letting A = ARobe

with (30), we have

and combining (12)

q]2) (I"Js - AK/u) + )»} (,us,min - As

+A (Nu,min + 2’fu - Au)) =A (/Ju,min + Ku — Au) .

By solving the above quadratic equation with regard to gp,
we notice that the solution is a function of A, which is a
function of Py and Pp and thus of gp. We can therefore write
the solution of the quadratic equation as ¢(gp) and we derive
(29) for the cases ks = Akryand kg # Ak,. We find that ¢
is the fixed point of ¢(gp), i.e., p(gf) = - O

Remark 4. In Theorem 2, it is worth noting that in the
derivation of ¢, we have applied the Jensen’s inequality
and ignored the dependence between SINRy and SINRp.
Therefore, gf; is not an exact optimal solution. However, from
the simulation results given in Section V, we observe that the
approximation has little effect on the accuracy, and ¢fj is very
close to the optimal solution.

Remark 5. To prove the coexistence and the uniqueness of the
fixed point, we define an auxiliary function ¢ (¢gp) = ¢(qp) —
4o, gp € [0, 1]. To guarantee the stability of the queues of the
tagged SAP and typical MU, we have Ay < fis min + Ksqp <
Ms,min"_"is: and Au < Mu,min"_ﬁu(l_qD) < Mu,min"‘ﬁu- Since
Pp, Py € (0,1), As, Ay, b and 7y are positive parameters,
we have A € (0,00). If ks = Ak,, we have p(gp) € (0,1),
and thus, ¢(0) > 0 and ¥(1) < 0. Similarly, if ks # Aky,
we derive that ¢(0) > 0 and (1) < 0 based on the stability
condition of the queues. Since t(gp) is continuous within the
region [0,1], we derive that there exists ¢f5 € (0,1) such that
P(gh) = 0, ie., o(gf) = gf, which proves the existence of
the fixed point. Due to the complexity of the function, it is
difficult to give a formal proof for the uniqueness of ¢f. By
resorting to a numerical analysis, we observed the convexity
of v(gp) with all possible parameters, and found that there
exists only one ¢}y with ¥(gy) = 0.

B. Energy efficiency

We define the EE as the ratio of traffic load to the total
energy consumption, measured in bits/Joule/Hz. For the power
consumption, we only account for the energy drawn from
the power grid and consider the harvested energy without
additional cost. We assume that the sleeping mode is supported
by the power grid. Define the overall energy consumption
of the tagged SAP with strategy m and the typical MU as

E%;Ll and Frq,,, respectively. Referring to (10), the energy
consumption of the tagged SAP with Strategy 1 and Strategy

2 is, respectively, given by

ER)e = Pax(1—pB D)o + Peen(1 = pi1) (1 — o) 7’
“FPsleequ (Tt - TtD) + Rleep (1 - qD) (Tt - TcU) ) (31)
N-1 N-1

E%fﬂg Z Pux—ipsapm + Z Preen—ipts,i (1 — qo) 70
i=0 =0

+-PsleepQD ('Tt - TtD) + P)sleep (1 - QD) (Tt - TtU) s (32)

9
where in (32) the probabilities
Pk = {imwpﬁﬁ (1 — )7, i?v_ 33
pih, = {;T ZU(% o z z ?V Gy

respectively, represent the probability that the rechargeable
battery can serve ¢ DL or UL data streams, respectively. In (31)
and (32), the first two terms consider the energy consumption
of an active SAP during DL and UL subframes.® The last two
terms consider the energy consumption when the SAP is in
sleeping mode. Since the energy consumption of the typical
MU is independent of the battery utilization strategy, we derive
the energy consumption of the typical MU as

Erotu = Qrectpm + Qu (1 — qp) 70 + Qsteep
Agp (e =)+ (L —gp) (7 — 77)) . (35)
To show the benefit from traffic adaptation, we define the
energy efficiency of the typical small cell as
E [Bs)sN + E [By|cN,
E;:i)b + Erot,ulVa

gelm) =

cell ’ (36)
where the numerator comprises both DL and UL traffic in the
small cell, and the denominator represents the total energy
consumption of the SAP and active MUs within the cell. We
refer to £€ (m) as the network EE. Furthermore, we define the

cell
EE of the typical MU and the tagged SAP with strategy m as
E[Bs]sN E|B,
gem = [(i e, = EBs 0 qg)
ET(?:Z; ETot,u

V. NUMERICAL RESULTS

In this section, we verify first the theoretical model and the
approximations therein by means of simulations, and provide
then key design insights for energy harvesting multi-antenna
small cell networks with dynamic TDD. In this work, the
approximations are due to (i) modeling the active MUs in UL
mode by a PPP with the same intensity as the original cluster
point process, (ii) ignoring the correlation between different
subframes during the transmission of the UL and DL traffic,
(iii) modeling the intensity of active SAPs in DL mode and
active MUs in UL mode by utilizing the void probability of
the queue as an independent thinning factor, and (iv) modeling
the number of active MUs associated with each UL SAP with
an integer.

Before explaining the results, we briefly summarize the
simulation procedure as follows: (i) Choose a large spatial
window and simulate the locations of each SAP and its
associated N MUs as realizations of PPP and the Newman-
Scott cluster point process of the given intensities. For each
realization, we focus on a typical link consisting of a tagged
SAP located at the origin and a typical MU randomly selected
from the associated MU set. (ii) Generate the queue length for
all the SAPs and MUs according to the geometric distribution

8To simplify the analysis, in the second term, we consider the worst case
where all the IV associated UL MUs are active.

0733-8716 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSAC.2016.2600442, IEEE Journal
on Selected Areas in Communications

—DL, gp = 0.1, Rgj = 100m, N=4, Sim.] 5002827 —DL, qp = 0.5, R = 100m, N=4, Sim. —DL, qp = 0.9, Ry = 100m, N=4, Sim.
@ DL, qp = 0.1 Rd 100m, N=4 Ana." .o o DL. qp = 0.5 1—10(»" N=4, Ana. @ DL, qp = 0.9, Ry = 100m, N=4, Ana.
—UL qp = 0.5, Ry = 100m, N=4, Sim.| g —UL, gp = 0.9, R) = 100m, N=4, Sim
0.8 o UL, g :u.a.z?,d = 100m, N=4, Ana.| ® 0811 o UL, g = 0.9, Ry = 100m, N=4, Anaf®
o,
o
Zo. Zool . Z06
@ Z @
b4 5 o, s
8 g 9 =
30 ) 0.4r . ) 0.4
o,
o
02f o e 02
o
0 . . 0 . .
0 20 40 -20 0 20 40 -20 0 20 40
SINR Threshold [dB] SINR Threshold [dB] SINR Threshold [dB]
(@) (b) ()
1 1 1
—DL, qp = 0.5, R.) = 200m, N=4, Sim. |, g —DL, ¢p = 0.5, R = 100m, N=1, Sim. —DL, gqp = 0.5, R¢] = 100m, N=8, Sim. | a2
s DL, gpy = 0.5, R = 200m, N=4, Ana. a DL, g = 0.5, R = 100m, N=1, Ana.| g2 o DL, gpy = 0.5, B¢ = 100m, N=8, Ana.
08 —UL, gp = 0.5, R = 200m, N: 08 —UL, gp = 0.5, Rj = 100m, N=1, Sim. |9 08 —UL, gpy = 0.5, R¢) = 100m, N=8, Sim.
81 o UL qp = 0.5, Ry = 200m, N=4, Am 1l o UL, gp = 0.5, R = 100m, N=1, Ana. 7 o UL, gp = 0.5, Ry = 100m, N=8, Ana.
Z0.6 Zosf Zo6
s k] s
5 5 5
S04 So4f S04
0.2 02 0.2
0 0

0 20 40
SINR Threshold [dB]

(@

SINR Threshold [dB)]

20 40 50 20 40

0
SINR Threshold [dB]

()

Figure 3. Comparison of coverage probability from simulations and theoretical analysis as a function of the SINR threshold «p (yy) in the full-buffer case,
foro =4, M =8, A\s = 107°m~2, P; = 200 mW, Qs = 10 mW, 02 = —121 dBm.

of given parameters. If the queue length of a DL SAP or a UL
MU is empty, then the SAP or MU enters into sleeping mode.
(iii) In each subframe, an SAP (including the tagged SAP) is
selected to operate in DL or UL mode with the given prob-
abilities gp or 1 — gp, respectively. Generate the fading r.v.’s
hg o or hg  for the typical link according to T'(M — N +1,1)
or I'(M — N, + 1,1) when the tagged SAP operates in DL
or UL mode. Generate the fading r.v’s g sap and gyy for
the remaining active DL SAPs and active transmitting MUs
according to I'(N,1) and Exp(1), respectively. (iv) In each
subframe, we only update the queue length of the DL tagged
SAP or the typical UL MU while keeping the queue length
of all the remaining DL. SAPs and UL MUs unchanged, in
accordance with the idea of a stationary distribution. (v) If
both queues of the tagged SAP and the typical MU are empty,
record the number of total consumed frames and go to (i).
Otherwise, if the queue length of the tagged SAP (typical MU)
is empty, the tagged SAP (typical MU) enters sleeping mode
in the DL (UL) subframes. We choose system parameters
that are compatible with TD-LTE, where each radio frame
consists of ten subframes with the duration of one subframe
being Ims, and the system bandwidth is chosen as W=200
kHz, approximately corresponding to one resource block in
the frequency domain. For the EE calculation, we consider the
following default power values [in W]: P; = 0.2, P, = 6.8,
Pyp = 6.5, Fyjeep = 4.3, ns = 0.25, ny = 0.25, Pyec = 0.2,
Prwda =02, By =04, P, =01, Q, = 0.01, Q. = 0.02,
Qou = 0.08, @ = 0.01, Qqec = 0.01, Qop = 0.01,
Qsleep = 0.01.

A. Coverage probability

In Fig. 3, we verify the PPP approximation of active MUs
in UL mode in terms of cumulative distribution function
(CDF) of the coverage probability in the full-buffer case by
varying the SINR threshold for different ¢p, R, and N. By
comparing Fig. 3(a), Fig. 3(b) and Fig. 3(c), we observe that
a larger gp leads to a more accurate approximation. This
can be understood by the fact that a lower intensity of UL
MUs reduces the effect of the PPP approximation. Comparing
Fig. 3(b) and Fig. 3(d), we observe that the larger the cluster
radius R, is, the more accurate the approximation is. As the
cluster size increases, the cluster point process approaches to
a PPP of the same intensity. By comparing Fig. 3(b), Fig.
3(e) and Fig. 3(f), we derive that a larger number of served
MUs N decreases the accuracy of the approximation, which
indicates the decreasing quality of the PPP approximation. In
this example, the largest gap is achieved by the UL coverage
probability in Fig. 3(a), where the order of magnitude of the
largest error is less than 20%.

Figure 4 depicts the DL (Fig. 4(a)) and UL (Fig. 4(b))
coverage probabilities for different DL packet arrival rates
As;. We observe a good match between the simulation and
numerical analysis for both the lightly and heavily loaded
cases, where the order of magnitude of the largest error is
less than 5%. As gp increases, we observe that the coverage
probability with A = 0.1A, increases while the coverage
probability with Ay = 9A, decreases. This can be understood
by the fact that with Ay = 0.1A,,, the coverage probability is
dominated by the strong interference from UL MUs. A larger
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Figure 4. Comparison of the coverage probability as a function of gp from
simulations and theoretical analysis in the load aware model for different A,
with a = 4, {yp,yu} = {0,0} [dB], R = 100m, A\s = 10~ °m~2,
Ay = 0.05, MHs,min = 0.5, Hu,min = 0.2, ks = Ku = 0.5.

gp decreases the UL interference, resulting in an improvement
in the corresponding coverage probability. On the contrary,
when Ay = 9A,, the DL interference is the limiting factor to
the coverage probability. An increasing qp leads to the growth
in DL interference, which reduces the coverage probability.

B. UL/DL configuration vs. traffic adaptation

In Fig. 5, we present the DL and UL service time (Fig. 5(a)),
and the cell service time for different DL packet arrival rates
A as a function of gp where we set A, = 0.05 unchanged.
We observe a good match between the simulations and the
analytical results. This is mainly due to the fact that we
keep the queue length of the remaining DL SAPs and the
UL MUs unchanged, which weakens the temporal correlations
between different subframes. From Fig. 5(a), we observe that
an increasing A increases DL service time while has a little
effect on the UL service time. This can be explained that a
larger Ag leads to a heavier DL traffic load, which increases
both the expectation of the SAP’s queue length and the active
DL SAP’s intensity. The slight increase of the UL service time

10 i

As = {0.1,0.2,05,1,2,3, 5,9} Ay | > DL Simulation

-% DL, Analysis
- UL, Simulation
-% UL, Analysis

UL service time

DL and UL Service Time [# of radio frames]

o Simulati
As = {0.1,02,05,1,2,3,5,0)A, | o mulation

-%- Analysis

Cell Service Time [# of radio frames]

9D

(b)
Figure 5. Service time as a function of gp from simulations and theoretical
analysis with & = 4, A\ = 107°m~2, R = 100m, Ay = 0.05, fig,min =
0.5, ftu,min = 0.2, ks = Ky = 0.5, W = 200 kHz, ¢ = 100 kb, {p, v} =
{0, 0} [dB], for (a) DL and UL service time, (b) Cell service time.

is caused by the decreasing UL coverage probability which is
caused by the increasing DL interference. We also observe
that as gp increases, the DL service time decreases while
the UL service time increases. This is due to the fact that
as ¢p increases, the DL service rate s increases, leading to
a decrease in the DL service time. Opposite effects hold for
UL transmissions. With A, unchanged, for each setting of Ag
there exists an optimal UL/DL configuration ¢fj that minimizes
the cell service time. It is achieved at the intersection of the
two corresponding curves as illustrated in Fig. 5(b). From Fig.
5(b), we observe that the optimal g7y shifts to the right as A
increases, which can be understood by the fact that giving
more time resources to the DL traffic results in an increase
of the DL service rate and a corresponding reduction of DL
service time.

The optimal ¢f for each packet arrival rate setting can be
derived by solving the fixed point equation (29), which is given
in Table II denoted by “Analysis”. In practical deployment, the
UL/DL configurations can not be set arbitrarily but restricted
within a discrete set. In this work, we consider nine values
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Figure 6. The optimal UL/DL configuration ¢ and cell service time 7¢ cell
as a function of DL SINR threshold ~p for different As and Ag with oo = 4,
¢ = 100 kb, vy = 0 dB, fs,min = Hu,min = 0.5, ks = Ku = 0.5,
W = 200 kHz, Ay = 0.1, Ry = ﬁ and 02 = 0.

for gp from 0.1 to 0.9. By comparing the cell service time
achieved at each value of gp, we derive the “Practical Value”
of optimal gp in Table II, which shows a good match to the
analytical optimal ¢f.

Figure 6 depicts ¢y and 7¢ccu as a function of ~p for
different \q in the interference-limited regime. An increasing
A leads to an increase in both ¢f5 and 7 cen1, Which is caused
by the increased asymmetric DL traffic load to the UL traffic
load. Keeping the network traffic load unchanged, we observe
that both ¢ and 7¢cen are independent of Ay when R
is set according to the average coverage area of each SAP
wR% = A\;!. This can be understood since P and Py remain
constant in the interference-limited regime as the change of
the received signal power due to the variation in the density
of SAPs is balanced by the change in the interference power.
Note that the same conclusion is derived within the fully-
loaded model in [6], which means that by removing the DL
SAPs and UL MUs with empty queues, the network with
active DL SAPs and UL MUs can be seen as an equivalent
fully-loaded network. From Fig. 6(a), we observe that ¢fj is a
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Figure 7. EE of the typical small cell as a function of gp with o = 4,
¢ = 100 kb, A\s = 1075m72’ Ay = 0.05, Hs,min = 0.5, HMu,min = 0.2,
R. = 100m, ks = ku = 0.5, W = 200 kHz, {yp,yu} = {0,0} [dB], (a)
for SAP with Strategy 1, (b) for SAP with Strategy 2.

convex function of yp. This can be explained by the tradeoff
between the coverage probability Pp and the target rate Rp,
which leads to a nontrivial behavior in the DL outage capacity
RpPp. Specifically, an increasing ~yp yields a decrease of Pp
and a logarithmic increase of Rp. Figure 6(b) displays 7 cen
as a function of yp and reveals a similar tendency as ¢f in Fig.
6(a). The minimal 7 o1 and ¢fy are achieved at the yp where
the DL outage capacity is maximized. Compared with the case
Yp = v, the optimal setting of +p results in an reduction of
as much as 60% of the service time. These results demonstrate
that the proposed analytical framework can be used to derive
the optimal SINR threshold that minimizes the service time of
the tagged small cell.

C. Traffic adaptation vs. energy efficiency

Fig. 7 depicts the EE of the typical small cell as a function
of gp with Strategy 1 (Fig. 7(a)) and with Strategy 2 (Fig.
7(b)), respectively. Compared to the results given in Table
II, we observe that the optimal UL/DL configuration gfy that
minimizes the service time also leads to the optimal EE of
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Table 1T
THE OPTIMAL UL/DL CONFIGURATION ¢f WITH A, = 0.05.

[ As [ 0005 T 0.0 7 0025 ] 005 J O0I [ 0I5 [ 025 [ 045 ]
Analysis 0.0967 [ 0.1618 [ 0.2849 [ 0.4008 | 0.5272 | 0.6026 | 0.6970 | 0.8058
Practical Value 0.1 0.2 03 04 0.5 0.6 0.7 0.8
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Figure 8. EE of SAP and MU as a function of ¢p with a = 4, ¢ = 100 kb,
As = 107°m~2, Ay = 0.05, fig,min = 0.5, fy,min = 0.2, B¢ = 100m,
ks = ku = 0.5, W = 200 kHz, {vp.,yu} = {0,0} [dB], (a) for SAP with
Strategy 1, (b) for MU.

the typical small cell in each setting of packet arrival rates.”
This can be explained by the fact that by conducting traffic
adaptation, the tagged SAP can serve the total amount of
traffic in the typical small cell with the minimal service time.
Therefore, the consumed energy is minimized and the EE is
optimized.

In Fig. 8, we separately represent the EE for the tagged
SAP and the typical MU achieved at the fixed point and the
optimal value derived via a linear search method. We observe
that gy does not necessarily lead to the optimal EE of either
SAP or MU due to the fact that we focus on the traffic in

°Note that the small variance between the optimal point from the fixed
point is due to the approximations considered in the analytical results.

-8-W/O EH, As=Ay
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—o-Strategy 2, As=Au ||
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Figure 9. The optimal network EE and EE of the tagged SAP with a = 4,
s =100 kb, yu = 0 dB, v = 0.5, As = 1073, pi¢ min = ftu,min = 0.5,
ks = ku = 0.5, W = 200 kHz, Ry = \/;T and 02 = 0, for (a)
Ay = 0.1, for (b) Ay = 0.05, and {yp,~yu} = {0,0} dB.

both UL and DL rather than either one of them individually.
From Fig. 8, we derive that the EE of both SAP and MU
decreases with As. The decreasing EE of SAP results from the
fact that the increasing DL traffic load leads to a reduction of
the availability of the battery. The decreasing EE of MU can
be understood by considering that increasing DL interference
results in a decrease in the UL coverage probability Py, and
more energy is needed for successfully transmit each packet.
We also observe that an increasing Ag leads to a decreasing EE
which can be explained by the reduced coverage probability.
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D. Effect of energy harvesting on energy efficiency

To illustrate the benefit from energy harvesting, we present
the optimal network EE and the EE of an SAP for different
battery utilization strategies in the interference-limited regime
in Fig. 9, where the EE without energy harvesting (denoted
by “W/O EH”) is given as a benchmark. Similar to Fig. 6,
the EE is shown to be independent of )\;. Compared to the
case without energy harvesting, we observe that equipping the
SAP with energy harvesting capabilities can greatly improve
both the network EE and the EE of an SAP especially when
Ag is small, and the gain is reduced as Ay increases. The EE
achieved by Strategy 2 is larger than that of Strategy 1, which
means that utilizing the battery whenever available improves
the EE. From Fig. 9(a), we observe that a proper setting of vp
can significantly improve the network EE and the gain from
energy harvesting in the low DL traffic load regime. When
As = Ay, an optimal setting of ~p results in an improvement
of 230% of the EE without energy harvesting. With energy
harvesting, the improvement can be further enhanced as much
as 25%. In Fig. 9(b), without energy harvesting, we observe
that the EE of SAP exhibits a concave behavior of vp. This can
be explained by the different effects of gp on Pp with different
DL traffic loads, which is verified in Fig. 4. Specifically, in the
low DL traffic load region (e.g., Ay < Ay), Pp is dominated
by the UL interference, and increasing ¢p results in a lower
UL interference, and correspondingly a larger Pp. Conversely,
in the heavy DL traffic load region (e.g., As > A,), opposite
effects can be observed. The numerical analysis presented in
Fig. 9 shows that the gp that achieves the optimal EE of an
SAP grows with Ag. In the low DL traffic load region, the
positive effect of gp on Pp is larger than the negative effect
of Ag on Pp, which leads to the rising EE of an SAP. While
in the high DL traffic load region, both the augmentation of
gp and A reduces Pp, which leads to the drop of the EE.

VI. CONCLUSIONS

In this work, we studied traffic adaptation in a multi-antenna
energy harvesting small cell network, where the SAPs operate
dynamic TDD and utilize harvested energy to reduce the
use of conventional energy. We proposed a stylized model
that allows us to get insight into the main trends in traffic
adaptation, and verified the accuracy of the model by extensive
simulations. Given the queue length distribution of SAPs and
MUs, we first derived the DL and UL coverage probabilities
under a given UL/DL configuration and then determined the
optimal UL/DL configuration from the perspective of the
service time of the typical small cell. By designing several
battery utilization strategies, we derived the availability of
the battery and quantified the effect of energy harvesting
on EE. We observed that energy harvesting can bring more
benefit to the EE especially in the low traffic load regime.
Furthermore, we shed light on the relationship between traffic
adaptation and EE, and showed that the UL/DL configuration
that minimizes the service time also leads to an optimal
network EE, but does not necessarily yield optimal EE for
an SAP or an MU individually. We showed the power of our
analytical framework by optimally setting the SINR threshold,

which leads to a significant improvement in network EE and
reduction in service time. Our analysis quantifies the potential
benefits of traffic adaptation and the use of energy harvesting
technique in multi-antenna small cell networks with dynamic
TDD.

APPENDIX

A. Derivations of transition probabilities
For Strategy 1, the transition probability from state & to
state k is given by

0<kE<N-1
N<k<wN-1
wN<E<K-1
k=K

1—v,

(1 - V) (QD + (1 - QD)pu,void) s

(1 - V) (quS,void + (1 - QD)pu,void) )
gpPs,void + (1 - QD)pu,void7

Pk,k =

(38)
where the necessary condition leading to pyj is that no
energy arrives at the given SAP when k£ < K. The first three
equations in the right hand of (38) respectively consider the
cases where the harvested energy can support (i) neither DL
nor UL transmissions, (ii) only UL transmissions, (iii) both
UL and DL transmissions. When k = K, the battery is fully
charged and py, 1 is independent of the energy arrival process,
and the transition from state k to k is due to that there is no
traffic in the typical small cell.

The transition from state k to state k£ + 1 is given by

v, 0<k<N-2
v (go + (1 = gp) Pu,void) , N-1<k<wN-2
V (gpPs,void + (1 — @p) Pu,void), WN —1< k<K -1
(39
where the necessary condition for py, ;1 is that there is energy
arriving at the SAP in the incoming subframe when k£ < K.
The explanations for each equation in the right hand are similar
to the statements for py ,, in (38) and thus omitted.

When serving N UL data streams, the state can be transited
from k£ to k — (N — 1) or from k to kK — N depending
on whether energy arrives at the SAP. The corresponding
transition probabilities are given by

Pk.k+1 =

Prh—(N—1) = V(1 =qp)(1 = Puvoid), N —1 <k <K, (40)

Pk,k—N = (1 - V)(l - qD)(l _pu,void); N S k S K7 (4])

Similarly, when the harvested energy can support N DL data
streams, the state can be transited from & to k — (wWN — 1) or
from k to k — wN based on the energy arrival cases in next
subframe. We have

pk,k—(wN—l) = VqD(l 7ps,void)7 wN —1 S k S Ka (42)

Pk k—wN = (1 =v)gp (1 = Psvoid) , wN <k <K, (43)

Different from Strategy I, in Strategy 2 the rechargeable
battery is available to DL and UL transmissions as long as
the harvested energy can afford one data stream in the cor-
responding transmission mode. Since the power consumption
for a DL data stream is usually much higher than that for a
UL data stream, we consider the case where w > N with N is
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the number of served MUs within a small cell. The transition
probability from state k to state k is given by

1*V+V(1*QD)(1*P11,void)7 k=0
Pk = (1 —=v)(gp+ (1 = gp) Pu,void) 1<k<w-1
' (1 —v) (¢ops,void + (1 — gp) Pujvoid), w<k<K -1
gpPs,void + (1 — gp)Pu,void, k=K
44
The transition from state k to state k£ + 1 is given by
pml_{u(qD+(1—qD)pu,void), 0<k<w-—2
’ v (qus,void + (1 - QD) pu,void) , W — 1< k <K-1
(45)

where the two equations consider the case when the harvested
energy is only available to UL transmissions and available
to both UL and DL transmissions. An SAP may use up the
harvested energy to serve k or k+1 UL data streams when the
harvested energy level k¥ < N — 1. The transition probability

Pk, 18

Pro=(1—ap)(1 — puvoid), 1 <k <N -1 (46)

Similar to (40) and (41), when the harvested energy can
afford all the N UL data streams, the SAP will consume N —1
or N units energy depending on the energy arrivals in next
subframe, and we have

Pr—(N—1) = V(1 = qp)(1 = Puvoia), N <k < K, (47)

Prk—N = (1 =v)(1 = gp)(1 = puyvoia), N <k <K, (48)

With the assumption that the rechargeable battery is avail-
able for DL transmissions as long as the harvested energy can
support one DL data stream, we have the following transition
probabilities based on the amount of harvested energy.

VqD(l_pS,VDid)7 n e {172,“'7N_1}7
Dk k—(nw—1) = nw—1<k<(n+1)w-—2,
VqD(l_ps,void)a ’I’L:N, wN-lSkSKy
(49)
(1_V)qD(1_pS,VOid)> n e {1727“'3N_1}a
Pkk—nw = nw < k < (n + 1)w
(1 - V)QD(l _ps,void)7 wN S k S K)

(50)
Where the second equation in the right hand of (49) and (50)
shows that when the harvested energy is able to simultaneously
afford all the N DL data streams, it will always serve N DL
data streams.
B. Proof of Lemma 2

Given the typical link length ro > 0, the Laplace transform

of interference Ly, ,,(s) —sIb—p] can be derived as

= EIDHD [6

]EIDﬁD [e_SIDHD]

@ exp(f)\&[)/ (1 — ng_ SAP(SPSxfa))dz)
R? @

® 1

- o ASD/]RQ(l (1+ sPa—)N 7))

N [e’e} —a\k
© exp( QWAgDZ N)/o (1(-i}:S]§S’I“_)°‘)NT

dr)

o

where (a) follows from the probability generating functional
(PGFL) of PPP [43], (b) follows from the Laplace transform
of the g2 sop ~ (N, 1), (c) follows from Binomial theorem
and the change from Cartesian to polar coordinates, (d) follows
by first substituting (sPs)~ a7 — ¢, then (1 + ¢~ )~1 — u,
and (e) is due to the incomplete Beta function B(a b) =
fo w1 (1—u)"*du. Define C(a, N) = 252 (V)-B(N -
k+ 2k —2), and with Asp = gpAs(1 — ps,vmd) we have

]EIDAD[ _SIDHD] = exp (_WQD)\S(l_ps,void) (SPS) EC(O‘7 N)) .
The derivation of Laplace transform of interference

L1, ,(8) = Ep_,[e”*™>v] is similar to that of Ly, ().
Thus, we omit the steps and directly give the result

—sl 2
Eipole™™ 0] = exp(=mapAs(1 = pasoia) (sP.) “Cla, V).

For Iy_,p, we observe that the spatial locations of UL MUs
! form a cluster point process of intensity A, = (1 —
dp)Na)s. However, the exact analysis of cluster point process
leads to tedious expressions of the interference distribution,
making it difficult to derive the insight of interferers. We
approximate the UL MUs by a PPP with the same intensity
Au,t» Which leads to a lower bound on the coverage probability
[44]. The Laplace transform of interference Iy_p and Iy_y
can be derived by using the PGFL of the PPP, given by

EIU*}D [e_SIUﬁD] = EIU%U [e_SIUHU]

~ exp(—ﬂ'(l—QD)NaA (SQu)% 6(a ))’

1 where (o) & 2/

sin(27/a) *
C. Proof of Theorem 1

By definition, the DL coverage can be derived as
Pr =

Pr(SINRp > 7p)
Y (Ip—p + Iy—p + 02) )}
Py

= / Pr(h](io > SI[N)chl (TO)dTO}v
0

(Sh
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where in (a) we define s = 2270 and I;x = Ip_sp+Tu_p+o2.

The probability distribution function (PDF) of the typical link

length is
2@7 To € [Oa R 1]
fra(ro) =4 Mo . (52)
0, otherwise

Letting Pp(ro) = Pr(h0, > sl;n), the conditional cover-
age probability is given by

Pp(ro)

(ho 0> SIIN (a) Z EIIN [(SIIN) SIIN]
=0

7‘CIIN (S) (53)

where (a) follows from the CCDF of a Gamma variable X ~
I'(k,0), and (b) is derived by substituting Ex[X"e™5X] =
(=) ds"‘cX( s) and hf o ~ (M — N +1,1).
To derive Pp(rg), we need to first compute the ¢ th derivative
of the Laplace transform of Ijy.

‘CIIN (5)

Ele*% |Eg,_,[e
2

*SID—>D]]EI [€*SIU—>D]

U—D

exp(—sa 1 = Ps voia) (sPs) %C(av N)
7(1 = o) Nas (5Qu) *5(0))

Letting f(g(s)) = L1,x(s) with f(z) = exp(z),

- 7TqD>\s(

(54)

i.e.,

— Ps.void) (8Ps) %C(a, N)
—7(1 = gp)NaXs (sQu) * ().

Using the Faa di Bruno’s formula, we derive the i th derivative
of Laplace transform of I;x as [11]

g(s) —s0? — mgpAs(1

SLi(s) _ dflgls)
ds? ds?
i P N ACN
> e g ) [T
]1']2']1' =1 !
(55)
The [ th derivative of g(s) is given by
-1,
2
91(3) = —021(1:1) - H(a —n)s Z{WQD)\S(I —ps,void)
n=0

PFC(a,N) — (1 — qD)NaASQ§5(a)]. (56)
where 1(.) is the indicator function. Since 2221 Jr € N and

f(z) = exp(x), we have f(Zia199)(g(s)) = L, (s).
Combining (53)-(56), we derive the conditional coverage
probability as

M—N

>

1=0

PD (’I‘o)

(_Z"S) ‘CIIN(S)Z 'H g S

Jl'Jz
(57
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The DL coverage probability is derived by substituting (52)
and (57) into (51), given by

/CIZ (s)
Z IH

The coverage probability of the typical MU associated with
the tagged UL SAP is given by

2
)" qud ro. (58)

Jl']z

Py

/ Pr(hio > slin) fra(ro)dro, — (59)
0

where hiy ~ T(M — N, +1,1), s = vgg’ and I;y =
In_,p+ Iu_p + 2. Similar to the derivation of Pp, we derive

the UL coverage probability as

Ra M—Na 4
P - [ L8 L (s)
0 " 1.
=0
Z 15 |H d ro- (60)
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