Full-duplex-based Rate/Mode Adaptation Strategies
for W1-FI/LTE-U Coexistence: A POMDP Approach

Mohammed Hirzallah, Student Member, IEEE, Wessam Afifi, Student Member, IEEE, and
Marwan Krunz, Fellow, IEEE,

Abstract—The rapid increase in wireless demand prompted the
FCC to open up parts of the 5 GHz band for unlicensed access.
This caught the interest of 4G/LTE providers, who wish to extend
their LTE-A services to the unlicensed spectrum (LTE-U). In
LTE-U, small-cell base stations aggregate unlicensed and licensed
bands to increase the throughput. Wi-Fi/LTE-U coexistence is
a challenging issue due to the different access mechanisms of
these two systems, which may cause high collision rates and
delays. By leveraging self-interference-suppression techniques, we
propose joint mode/rate adaptation strategies for Wi-Fi/LTE-
U coexistence. Specifically, a full-duplex enabled Wi-Fi station
can transmit and receive data simultaneously (TR mode) to
increase the throughput, or transmit and sense simultaneously
(TS mode) to monitor the LTE-U activity. We model the LTE-
U interference as a hidden Markov process, and solve the
problem of jointly adapting Wi-Fi rates/modes using a framework
of partially observable Markov decision process (POMDP). A
detection approach based on the sliding window correlator is
analyzed for the TS mode, which can differentiate between Wi-Fi
and LTE-U signals. Our results indicate that our scheme provides
1.5x (1.9x) average throughput gain for Wi-Fi system in the low
(high) SINR regime relative to a half-duplex-based scheme.

Index Terms—Wi-Fi/LTE-U coexistence, full-duplex, simulta-
neous transmission-sensing, HMM, POMDP, rate adaptation.

I. INTRODUCTION

The significant increase in the wireless demand prompted
the FCC to open up parts of the 5 GHz Unlicensed Na-
tional Information Infrastructure (U-NII) band for unlicensed
access. This motivated wireless operators to extend their LTE-
A services to the unlicensed spectrum (LTE-U). LTE-U ex-
ploits carrier aggregation to combine licensed and unlicensed
spectrum, targeting higher downlink (DL) throughput for
user equipments (UEs). Coexistence between heterogeneous
systems such as LTE and Wi-Fi in the unlicensed band is
particularly challenging due to the difference in their access
mechanisms. In particular, Wi-Fi systems are contention based,
whereas LTE/LTE-U systems are schedule based. Such het-
erogeneity makes coordination and interference management
quite challenging, leading to higher collision rates, latency,
and unfairness.

In an effort to reduce the impact of LTE-U on Wi-Fi,
two approaches have been proposed: Carrier-sensing adaptive
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Fig. 1: Collision between LTE-U and Wi-Fi TXOP (‘F1’: Frame transmitted
from AP).

transmission (CSAT) [1] and licensed assisted access (LAA)
[2]. LAA, which was recently standardized in 3GPP Rel-13,
targeted countries that mandate using listen-before-talk (LBT)
in the 5 GHz band (e.g., Europe and Japan). A base station
senses the spectrum and transmits if the measured signal is
below —72 dBm. LAA transmissions may collide with Wi-Fi
transmissions below this threshold. CSAT, which is advocated
by the LTE-U Forum [3], relies on channel selection and time-
based duty cycle (see Figure 1). The home eNodeB (HeNB)
measures the traffic density of neighboring Wi-Fi stations
(STAs) during the OFF period of the LTE-U system and adapts
its duty cycle accordingly. In the ON period, HeNB transmits
DL frames without performing LBT. On the other hand, Wi-Fi
STAs can access the spectrum using the enhanced distributed
channel access (EDCA) scheme, which is an extension of
the distributed coordination function (DCF). The successful
STA can reserve the channel for a duration called a transmit
opportunity (TXOP), which may last for 3.008 ms. During a
TXOP, a Wi-Fi access point (AP) or STA transmits several
frames. After each frame, the AP/STA could wait for an ACK
from its peer [4].

Deploying LTE-U small cells in unlicensed bands may lead
to severe service degradation for Wi-Fi STAs. As shown in
Figure 1, the AP detects a transmission failure (e.g., frame
‘F2’) via an ACK timeout. However, the AP cannot tell
the reason for this transmission failure (e.g., channel fading
and Wi-Fi/LTE-U interference). The AP may retransmit the
corrupted frame several times. Once the retransmission limit
is exceeded, the AP could either double its contention window
size and back off again, or it could switch to a new channel.
Both cases lead to performance degradation in terms of long
delays, reduced throughput, and power wastage.

In this paper, we consider Wi-Fi devices with self-
interference suppression (SIS) capabilities, which enable them
to perform simultaneous transmission and sensing (TS). This
so-called full-duplex (FD) sensing provides Wi-Fi STAs with



real-time channel monitoring and interference detection. In-
creasing the spectrum awareness at the AP helps it optimize its
actions to maintain connectivity with the STAs. SIS techniques
can also be used to enable simultaneous transmission and
reception (TR) so as to increase the link throughput.

Wi-Fi standards (e.g., IEEE 802.11n/ac) define multiple
modulation and coding schemes (MCSs), which can be used
by the AP to adapt to channel dynamics, interference, and
contention. We leverage this degree of freedom to jointly op-
timize the MCS and transmission “mode” at the AP, taking into
account the AP’s belief about LTE-U interference. Specifically,
in addition to adapting its coding/modulation scheme, the AP
can also select to operate in a TR or TS mode, or perform
channel switching (CS).

FD sensing was previously explored for opportunistic spec-
trum access (OSA) systems, based on energy detection [5]
and waveform-based detection [6]. Energy detection cannot
differentiate between different types of signals (e.g., LTE-U
vs. Wi-Fi). In contrast, waveform-based sensing uses training
sequences, located in frame header to correlate. We harness
the unique features of LTE-U and Wi-Fi signals (e.g., OFDM
symbol duration and length of the cyclic prefix) to distinguish
between the two. The authors in [7-9] exploited the cyclic
prefix (CP) in OFDM symbols for signal detection, but only for
HD systems (i.e., sensing only). In [7] the authors suggested a
two-sliding-window approach, in which the received samples
are correlated to detect the presence of OFDM symbols. We
propose an FD sensing approach for coexisting Wi-Fi/LTE-U
systems based on the two-sliding-window correlator scheme.

Several approaches for rate control have been proposed in
the literature based on SNR measurements and MAC-layer
statistics (see [10] and references therein). Generally, these
approaches have slow response. Another approach is based
on partially observable Markov decision processes (POMDP)
[11-13], where the transmitter builds beliefs (probabilities)
about the unknown channel conditions and uses them for
selecting new rates. These works modeled the problem con-
sidering HD radios. In our scheme, we extend the POMDP
framework and consider FD-enabled radios. We jointly control
the FD mode and rate in response to LTE-U traffic dynamic.
Interference generated by the LTE-U base station and received
by Wi-Fi devices can be modeled as a hidden Markov model
(HMM) process, and the joint rate/mode adaptation becomes
a problem of HMM control, which can be solved within the
framework of POMDPs [14]. The authors in [6] studied the
problem of adapting the FD operation modes but with fixed
MCSs, considering an OSA setting.

Previous work on LTE-U/Wi-Fi coexistence addressed dif-
ferent issues, ranging from evaluating the performance of
coexisting systems through simulation/experimentation [15],
to analyzing it using stochastic geometry [16]. The problem
of channel selection for LTE-U cell has been analyzed in
[17] usig a Q-learning approach. In [18] authors proposed
an almost blank sub-frame scheme for enabling LTE in the
unlicensed band. The proportional fair allocation for LTE and
Wi-Fi has been derived in [19]. Achieving fair coexistence
between LTE-U/LAA and Wi-Fi requires a comprehensive
solution that integrates the optimal assignment for the clear

channel assessment (CCA) thresholds, optimal channel access
mechanisms, and efficient interference mitigation schemes. In
this work, we focus on studying the interference mitigation
aspect.

Our contributions are as follows. First, we propose an FD-
enabled detection scheme for the TS mode based on the sliding
window correlator (Section III). We derive the probabilities
of detection and false-alarm under imperfect SIS, while tak-
ing into account inter-symbol interference (ISI). Second, we
propose a modified TXOP scheme for Wi-Fi STAs with SIS
capabilities (Section IV). In this scheme, Wi-Fi STAs exploit
their SIS capabilities to either operate in the TS, TR, or CS
modes. Third, we present a Markov model that incoporates the
LTE-U ON/OFF activity (Section IV-A). Finally, we present
a POMDP framework for determining the optimal Wi-Fi
transmission strategy (FD mode and transmission rate) that
maximizes the Wi-Fi link utility (Section V). We formulate
the utility for different operation modes, rewarding the link
for a successful transmission and penalizing it when outage
occurs. In a preliminary version of this paper [20], we only
discussed the sliding-window correlator detection scheme. Due
to space limit, proofs of various results are omitted, but can
be found in an online technical report [21].

II. SYSTEM MODEL

We consider an LTE-U small cell that coexists with a Wi-
Fi network in the unlicensed band (see Figure 2). The LTE-
U small cell consists of an HeNB that communicates with a
number of UEs over an aggregation of licensed and unlicensed
channels. Without loss of generality, we focus on the LTE-
U DL. The Wi-Fi system consists of one FD-enabled AP
that communicates with a number of FD-enabled STAs. A
Wi-Fi network implements an exclusive channel occupancy
policy among its STAs. Specifically, a channel is allocated to
only a single Wi-Fi. Contention is resolved using CSMA/CA,
where neighboring STAs defer from accessing the channel by
setting their network allocation vector (NAV) after decoding
the duration field in the MAC header.

In LTE-U, the HeNB must search for a free channel to use.
If no idle channel is found, HeNB shares the spectrum with
the Wi-Fi system according to an adaptive duty cycle. During
the OFF period, the HeNB measures the traffic intensity
of neighboring Wi-Fi STAs (e.g., by recording the MAC
addresses of overheard transmissions) and adapts its duty cycle
accordingly.

Let I(n), sq(n), s;(n), and w(n), respectively, denote the
LTE-U, Wi-Fi AP, Wi-Fi STA, and noise signals at sampling
time n. We assume these signals follow a symmetric-circular-
complex Gaussian distribution: I ~ N, (0, 0'12), sa ~ N:(0, 0'3,2),
s; ~ N.(0,02), and w ~ N.(0,02). The received signals in
the TR mode at the FD-enabled Wi-Fi AP is written as:

ra(n) = (hia(n) © 1) + (sa() @ 5 (1)
+ (Xahaa ® sa(m) +win) (M

where ® is the convolution operation, hj, is the channel gain
between the HeNB and the Wi-Fi AP, kg, is the channel gain
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Fig. 2: System model of LTE-U/Wi-Fi coexistence (dashed lines represent
interference from HeNB to Wi-Fi AP and STA).

between Wi-Fi STA and AP, respectively, h,, is the gain
of the self-interference channel of the AP (the attenuation
between its transmit and receive chains), and y, is the SIS
factor of the AP (perfect SIS occurs when y, = 0). LTE-
U interfering signal traverses multiple paths and suffers ISI
before reaching the AP. We introduce the following three
metrics: ISI to noise ratio (ISNR), residual self-interference to
noise ratio (STNR), and the interference-to-noise ratio (INR).
The ISNR = ,82|hla|20'l~2 /o2, quantifies the ISI relative to the
noise floor, where 0'19 is the power of the previously received
LTE-U symbol. The STNR = y2|hy,|*02 /0 quantifies the
AP residual self interference power relative to the noise floor.
We focus on the LTE-U signal detection problem at the AP.
The INR = a'lz|hl“|2 /o2, indicates LTE-U signal level with
respect to the AP noise floor. The signal-to-noise ratio (SNR)
is SNR = |hy,|?02/02. The signal-to-interference-and-noise
(SINR) ratio for the AP is written as (a similar quantity can
be defined for the STA):

|hsa|20'52 SNR

SINR = =
|hial?0? + x2|haal?02 + 03, INR4STNR+

2)

III. CYCLIC-PREFIX-BASED DETECTION

Differentiating between different types of interference helps
the AP tune its mode/rate based on the detected interference
type and maximize its utility. LTE-U and Wi-Fi signals are
OFDM based, with every OFDM symbol consisting of a
sequence of data symbols and a CP that is appended to the start
of the data symbol (see Figure 3). This CP is a replication of
some data symbols. It is added for several purposes, including
time guarding and facilitating synchronization and decoding
at OFDM receivers. CP is most likely to be contaminated by
ISI.

Consider an LTE-U OFDM symbol that consists of N data
samples and L CP samples. At the Wi-Fi receiver, the received
analog signal is passed through the analog-to-digital converter
(ADC) to obtain discrete samples. We buffer these samples
and assign them to two windows, W; and W,, where the
timing difference between these windows equals (N —L)d,; 0,
being the duration of a sample. The two windows are swept
over all received samples (see Figure 3), where samples in
these windows are correlated and compared against a certain
detection threshold. We propose the following correlation
timing metric:

_ lAwP
(max (E1(n). Ex(n))®

M. (n) (3)
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where A(n) is the correlation between corresponding samples
in the two windows, and Ej(n) and E,(n) are the energies of
the samples in the two windows, respectively:

A®) = $f2) ra(n = k)ri(n—k = N) 4)
E10) = X0 ra—k=Nyr—k—N), Ex) = Y520 ra =R k)

where = is complex conjugate. We refer to the time instant
at which the samples in the two windows correspond to the
CP and its original duplicated part as the optimal time. The
optimal time indicates the presence of an LTE-U signal, where
the correlation value exceeds a certain threshold. For other
time instances (called regular times), the correlation value will
be small. In the absence of an LTE-U signal, the correlation
value will also be small. The index 7 in M, indicates the
alignment of the sliding windows with respect to OFDM
symbol’s starting point (i.e, CP). 7 takes integer values in the
period (—(N+L)/2,(N+L)/2], with T = 0 corresponding to the
optimal time and T > L corresponding to regular times. Figure
4 shows M;(n) as a function of the OFDM symbol index when
four symbols are detected. Figure 5 depicts M. (n) vs. 7. Both
figures are generated with INR = 25 dB, L = 500, N = 6400,
and ISNR = 6 dB.
We define the hypothesis testing as follows:

XaSa® + w(), under Hy , HeNB is OFF
ra® =310+ xa5.0)+w), under Hy, nis a regular time
1)+ xu 5@ +w@), under Hi, n is the optimal time

&)

where the first two lines in (5) represent the null hypotheses
Hoy, and the third line represents the alternate hypothesis .
Define the general detection rule as follows:

]f MT(n) > /lth

if M-,-(l’l) < /l[h (6)

z 1

§ra(m) = { 0
where Ay, is the detection threshold (determined next). We
derive the statistics of M;(n) at the optimal time, regular times,
and in the absence of LTE-U signals in our technical report
[21].

Proposition 1. Az the optimal time, the distribution of M, can
be approximated as a normal distribution of mean pup,_, = ,u2Q
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Fig. 6: FD modes: TR and TS modes (‘S’: Sense, ‘Fa’: AP frame, ‘Fs’: STA

frame, and ‘H’: Header).

and variance ontO =4/12QO'é, where pg and O'é are defined
[21].

Proposition 2. At any regular time, the distribution M~y can
be approximated by a gamma distribution T'(%,2a,), where
=1 - 2L
k/2 =1 is the shape parameter and 2a, = Lro797sviE the
scale parameter.
Proposition 3. In the absence of an LTE-U signal, the
distribution of M, (denoted as My) can be also approximated
by gamma distribution 1"(%, 2ay).

Note that M (n) has the same distribution at regular times
and in the absence of an LTE-U signal. The probability of
detection at a threshold A, is:

Alh - MMT:(]

Pa(An)=Pr[{Mr—0 = A |H1}] = Q( o
=0

) @
where Q(-) is the complementary cumulative function of the
standard normal distribution. The false-alarm probability is
given by:

Pp(A) =Ptl{Mo > Aip}|Hol = 1 = By10a, (Aen) — (8)

where F, 124, (A1) is the CDF of a gamma distribution with
shape parameter one and scale parameter 2a;. The proofs for
the above results can be found in [21].

A. Neyman-Person (NP) Detection

We propose an NP detection rule based on the previously
derived statistics. Note that false-alarms occur when there is
no LTE-U signal and also at regular times. Let the maximum
acceptable false-alarm probability be «@. The NP detection
threshold A, in (6) is:

An = ANp = F, |5, (1-a). )

The NP detector does not require any prior knowledge of
the signal nor noise statistics; it only requires knowing the CP
length. Note also that the sensing outcomes are independent
of what technology LTE uses in the unlicensed band (i.e.,
CSAT or LAA). The two-sliding-window correlator has a
low computational complexity and small memory overhead.
This sensing scheme opens the way for adapting Wi-Fi CCA
thresholds in response to CSAT/LAA activities, where more
sensitive energy detection thresholds can be assigned. Due to
space limit we leave this issue to future investigations.

IV. MoDIFIED WI-F1 TXOP

We now propose a modified TXOP scheme for FD-enabled
Wi-Fi systems. We divide the TXOP into N, time slots of

TXOP (T,)
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Fig. 7: Example of a modified TXOP operation mode (‘S’: Sense, ‘Fal’, ‘Fa2’,

‘Fa3’, ‘Fa4’: Frames sent by AP, and ‘Fs1’, ‘Fs2’: Frames sent by STA).

equal duration, during which AP and STA can exchange UL
and DL frames. We consider two FD modes: The simultaneous
Transmit-Receive (TR ) mode and the simultaneous Transmit-
Sense (TS) mode, as shown in Figure 6. Wi-Fi AP switches
between these modes to mitigate the interference caused by
LTE-U transmission. We assume that the AP is the session
“master”. It instructs the STA about the recommended mode of
operation (e.g., TR or TS ) and the associated MCS indices that
the STA has to use by embedding this information in the DL
frame’s optional header field (e.g., field ‘H’ in Figure). This
information requires a few bits, and hence represents small
overhead. When LTE-U interference is relatively high the Wi-
Fi AP has an option of quitting the TXOP period early and
switching to a new channel. We use CS to refer to this channel-
switching mode. AP also has the option of backing off until
LTE-U completes transmission and the channel becomes idle
again.

In the TR mode, the transmitted DL and UL frames can
have different MCS indices (e.g., kp and kg, respectively).
The Wi-Fi STA first reads the ‘H’ field in the DL frame
and extracts the mode/MCS indices. Next, STA initiates a
simultaneous UL transmission with MCS index ky. After
transmitting DL and UL frames, the AP and STA have to
exchange ACK frames in both directions, indicating successful
reception. In the TS mode, the AP sends a DL frame with
an MCS index kp, and simultaneously senses for any LTE-U
signal using the detection scheme introduced in Section III. At
the end of each time slot, AP updates its belief about LTE-U
HeNB interference, and selects a new FD mode with suitable
MCS indices for the next time slot (as discussed in Section
V).

An example of the proposed TXOP scheme is shown in
Figure 7, where the AP sends five DL frames (e.g., N, = 95),
each of duration A. In this example, the AP starts in the
TR mode with MCS indices kp = ky, whose modulation
is 64QAM. AP sends in the DL direction frame ‘Fal’. STA
reads the header field and starts transmitting the ‘Fs1’ frame in
the UL direction using 64QAM modulation. HeNB ON cycle
starts just after the start of ‘Fal’ and ‘Fs1’ transmission, which
causes collision. Both AP and STA are not able to decode their
received frames, and hence no ACKs are transmitted. In this
case, the AP updates its belief about HeNB interference and
selects a new action (as explained in Section V). For instance,



the next optimal action might be retransmitting the ‘Fal’ frame
in the TSmode with QPSK modulation. If STA is able to
decode this frame, it will send back an ACK. Upon receiving
an ACK for ‘Fal’ and sensing an HeNB signal, the AP updates
its belief about HeNB interference and may decide to raise the
modulation to 16QAM with TS mode for the next transmitted
frame (e.g., frame ‘Fa2’). The process continues as shown
in Figure 7. In order for the AP to select the optimal action,
which maximizes the link utility in the TXOP period, it should
be able to quantify the amount of LTE interference that the AP
and STA receive. This interference is affected by the channel
gains between AP/STA and HeNB. We model LTE activity
and its interference using a FSMC model.

A. Finite-State Markov Channel (FSMC) Model

We assume that A, and h;; are block Rayleigh fad-
ing channels with Doppler frequency f;, so these channels
maintain a fixed level of fading over a time slot (e.g., A).
Conventional FSMC models are based on paritioning the
SINR variations into a set of nonoverlapping regions, in which
the SINR remains in one region for a certain period of
time. SINR changes only from one region to adjacent ones.
We divide h;, and h;y channel gains into M states, where
state s©, i =1,---, M, represents the i-th SINR region (i.e.,
sW = {7 gi < ¢ <gis1}), where g; and g;, are region’s
boundaries. We assign these boundary thresholds according
to the supported MCS indices, as explained in Subsection
IV-B. For a Rayleigh fading channel with average SINR /, the
steady-state probabilities of these M states can be computed
as & = Pr(¢ e s) = [*" %exp_§ dz [22].

Let p;; be the transition probability between the ith and
jth states, i,j € {1,2,...,M}. These p;;’s can be expressed
as a function of the level crossing rate (LCR), steady state
probabilities, and average fade duration. LCR indicates the rate
at which the signal across the threshold g;. It can be written as

Ly, = ,/%fd exp{—%}. By averaging Lg, by the time the
channel remains in state s (i.e., average fade duration ¢;/A),
we can approximate p;;+; and p; ;1 as follows:
ﬁi,i+l ~ Lg.-+1A/Ei, fOI‘i = 1, et ,M -1
ﬁi,ifl ~ Lg,.A/Ei, fori = 2, 7
Pii =1 = Piiv1 — Pii-1, fori=2,---

,M—1 (10)

while ﬁl,] =1 —ﬁ]’z and ﬁM,M =1 _ﬁM,M—L

This FSMC model does not account for LTE dynamics (i.e.,
it assumes that HeNB is always ON). In CSAT/LAA!, HeNB
alternates between ON and OFF states. Let Xon and Xogpr
be the distribution for these periods, with means Xon and
Xorr. Wi-Fi AP could estimate these distributions and their
means through measurements and parametric estimation. We
first define a simple Markov chain with two states, then we
explain how to use it for modulating the previous FSMC. Let #,
be the time instant the HeNB has been sensed switching OFF.
Let #; be the time instant when AP starts the TXOP. Let ¢ be
the index of the time slot in TXOP, where ¢ = {1,---,N,}.

ILAA can be modeled as an ON/OFF process, because of the “discontin-
uous transmission” functionality imposed by regulation.

Let u11,¢ denotes the probability that the HeNB remains OFF
for a period of A seconds starting at time #; + (£ — 1)A. Let
u12,¢ be the probability that HeNB switches from OFF to ON
during the £th time slot. The transition probabilities, u11 ¢, 12,¢
can be defined as follows:

1- FXOFF(tl — 1t +€A)
1= Fxope (11 = o + (£ = 1)A)’

uiy,e = uige =1 —uine
where F XoFF (+) is the CDF of Xogr. The steady state probabil-
ities of this OFF state can be evaluated as egpr = XoFr /(Xon +
Xorr) [23]. We scale the transition probabilities in (10), and
define new FSMC transition probabilities. Let p; ; denotes the
probability of transition from state s to state s), then the
transition probabilities for the new FSMC are:

Dij =uieDij, Ypij #0,Vi< M -2
Dij=une/(M—i—-1), Vj>i+1, Vi<M-2
Pijj = Pij» 1> M =2
pi,j = 0, otherwise (11D
As we will explain in Section V, Wi-Fi AP takes decisions
based on its belief about h;, and h;s channel gains. We
extend the FSMC model to account jointly for these channels.
We introduce a two-dimensional Markov chain based on the
transition probabilities defined in (11). Let p;y, ;, denotes
the transition probabilities for which channels h;, and Ay
switch from states i to j and from states m to n, respectively.
The state transitions for channel 4;, and ;s are independent.
Accordingly, pim j» can be stated as follows:

Dimjn = Di,jPmn, Vi, jymn=1,--- M. (12)

B. SINR Threshold Selection

IEEE 802.11 standards assign various MCSs with convo-
lutional coding and low-density parity-check (LDPC) codes.
Let K denotes the set of supported MCSs, where K = {k :
0,---,|%| - 1}. IEEE 802.11ac standards specify the relative
constellation error* (RCE) values for every MCS index. The
RCE is a measure of how far constellation points are from their
true locations, and it is defined as a root-mean-square (RMS)
of the normalized difference between the power of the true
and deviated constellation points. Constellation points deviate
their true locations due to many reasons, including hardware
impairments (e.g., noise and frequency offsets), interference,
and channel impairments such as fading. RCE and SINR are
related according to RCE ., = 4/1/SINR [24]. We assign the
SINR thresholds for the M = |K|+1 states according to the
supported MCSs. Let INR 4 x denotes the maximum LTE-U
interference to noise ratio where Wi-Fi transmission with MCS
index k still supported, then INR ¢, x = 2(RCE g ;n5) + SNR —
STNR, where RCE s is the maximum RCE ,,,; supports
the kth MCS. The fading boundaries in the FSMC model are
assigned as g;+1 = INR y r=ps—j—1, while the lower and upper
thresholds are g; = 0 and gps41 = oo, respectively. Let 9](? be

2RCE is known also as error vector magnitude (EVM).



the outage function indicator for the kth MCS index when the
channel gain is in the ith state, then

; 1 , for INR® > INR 4, Vk € K
Hl(c) _ { or th,k (13)

0 , otherwise.

where INR @) denotes the actual INRof LTE-U signal (i.e.,
INR Ve[g;, gi+1)). 61 = 1 indicates that the Wi-Fi transmis-
sion is unsuccessful.

V. DECISION THEORETIC FRAMEWORK FOR
TRANSMISSION MODE/RATE CONTROL

Wi-Fi AP mitigates the interference caused by LTE-U
transmissions by jointly adapting FD modes and transmission
rates during the TXOP period. This requires the knowledge of
hia, his, has, and hg, channel gains. The channel gains of A,
and hg, can be implicitly and explicitly estimated. However,
the HeNB cannot estimate the h;, and h;; channel gains,
because Wi-Fi and LTE-U uses different techologies. Wi-Fi AP
can still obtain partial knowledge about these channel gains
by monitoring the performance of Wi-Fi UL and DL links
over time. For example, AP can indirectly deduce interference
levels through monitoring ACKs and decoding received frames
during TXOP period. Therefore, AP has to jointly control
rates/modes in response to LTE-U hidden processes using
this partial knowledge. This motivates the need for a HMM
control scheme which can be formulated through a POMDP
framework [14]. POMDP assigns a belief (probability) for
each unknown parameter, and updates this belief sequentially
over time based on the resultant outcomes. POMDP maximizes
the Wi-Fi utility through mapping its belief about the LTE-U
interference to a set of actions, consisting of recommended
joint rate/mode configurations. This mapping function is also
known as the policy of POMDP.

For simplicity, we assume that channels between Wi-Fi
AP and STA (i.e., hys and hy,) are static, and focus on
formulating the POMDP problem for the channels between
LTE-U HeNB and Wi-Fi nodes (i.e., h;, and h;y). First, we
introduce the main components needed for formulating the
POMDP problem. Then, we introduce the reward functions
and explain the policy evaluation.

a) Time Horizon: POMDP will take place over a finite
horizon equals to the duration of one TXOP period (i.e., T
second), where a total of N, = T,/A frames have to be
exchanged each of A duration. In other word, there will be
N,, time slots during each TXOP transmission. We denote each
time slot as £ € {1,---,Np}.

b) State Space: The state space represents the status of
hiq and hys channel gains. We model the state space according
to the FSMC model that is presented in Subsection IV-A. We
introduce a two dimensional finite state space S: M XM,
where each state corresponds to h;, and h;s channel gains.
The number of states per each channel is M = [K|+ 1. We
denote the (h;la), h;;")) state as s € S.

c) Action Space: At the start of each time slot, Wi-Fi AP
has to take two decisions simultaneously; the FD mode (e.g.,
TR, TS, or CS) and the applicable transmission rates (i.e.,
the MCS indices k¢ and kp for the UL and DL transmissions,

respectively). The channel switching CS mode is only selected
when the transmission with the lowest MCS index is believed
to be unsuccessful; given that AP has enough knowledge about
suitable channels for switching to. AP could also replace the
CS action by a ‘backoff” action, where it backs off until LTE-U
gets OFF and channel becomes idle again. The action space is
written as A = {TR (kp, kuy), TS (kp), CS }, and it has |K|*>+
|K|+1 possible actions. We denote the action that the AP takes
at the start of time slot £ as ag.

d) Observation Space: Wi-Fi AP takes an action ay € A
at the start of time slot ¢ and waits for an observation at the
end. This observation depends on the action that the AP takes
and the true state of interference. The AP takes a TR action
and receives four possible observations: Decode or Undecode
{D, U} for the UL frame and ACK or NACK {A, N} for the
DL frame. At the end of a TS action, Wi-Fi AP receives four
possible outcomes: ACK or NACK for the DL frame and busy
B or idle I for the sensing. The observation space is written as
O = {{o1r }, {015 }}, where otr €{(D, A), D, N), U, A, U, N)},
and ors €{{, A), I, N), (B, A), (B, N)}. Let o, denotes the observa-
tion vector that AP receives at the end of time slot £. Let q(a';i?ﬂ
denotes the probability of receiving an observation vector o
when the AP takes an action ap, while the channel states are

t1as lus) = (i, m):
(1-6) X1-6"), for 61r =(D, A)
) =62y for o =(D,N)
IR kpkorom = )60 (1-60") | for o = (U, A)
ejjz o , for o1r =(U, N)
(1=P{X1-6")), for 615 =(I, A)
(1-Pye"™ , forors =(I,N)
PO (1-6") , foro1s =B, A)
Py o) , for 515 =(B,N)

(i,m) _
91S (kpp), 615

where 01(:2] and 61(:7)) are the outage indicator functions defined

in (13) and P is the detection probability of LTE-U/LAA
signal as in (7).

e) Belief Updates: Wi-Fi AP maintains a belief about
the actual status of A, and h;s channel gains. Let 7, € B be
the AP’s belief vector about the M? states at the start of the
time slot £, where B denotes the belief space. The AP takes
an action a, € A, monitors an observation o, € O, and updates
its belief vector for the next co(lini?g tilge )slot ¢+ 1 according

N N

to the following Bayes rule (7" =T, 5 - ):

(on) M M (i,m)
T(f’n) _ qaf,r;(? i=1 z‘4m:1 pim,jnﬂgl "
acone T oM ) (oM M (i,m)
Lji=1 Zw=1 Qaf,gf ( iz Zmet Pimjw )" )
where ﬂél:rrl") is an element in 7,,1. The belief vector will be
helpful for derving the POMDP policy, because is has been
proved to be a sufficient statistic [25].

(14)

A. Utility Formulation

Let the DL and UL frames consist of dgy and d,,; data
symbols, where each frame lasts for a time period of A



ku

seconds. The UL and DL frame rates, namely, RZDL and Ry

respectively, are written as:

Rku _

RD = daibiy, e /A, UL = Quibiy Ciy /A (15)

where by, ¢k, bi,,» and cg,, are the modulation order and
coding rate for the DL and UL frames, respectively. Let
P, and Py denotes the power consumed in the AP and
STA frame transmissions, respectively. We define the utility
function W, 5, for actions and observations at the ¢ time slot
as:

R + RE = 0Py =P ,6¢=(D, A)

R~ Py — 1P ,6¢=(D, N)
WIR (kpp.ku)oe =\ ko _
RDL —nPy —nPs ,00=(U, A)
-n(Py +Py) ,00=(U,N)
Rp, =P, , 0¢=(I, A)
W __]1Pa ,0p=(I,N)
TS (kp),0¢ REL;J + FkD _ nPa , 0_[=(B, A)
r*» — P, ,0¢=(B,N)
Wes,o, = n(Pa +Ps) (16)

where 7 is a scaling coefficient used to match power and rate
terms and T*P is the awareness reward constant, which is
used to reward the AP for detecting the LTE-U signal when
it is ON. We reward the AP for taking the TS action only
when LTE-U is ON. T*» and 5 are left as implementation
parameters.

B. POMDP Problem Solution

The AP updates its belief vector as in (14), and takes an
action based on a pre-defined policy. This policy is a function
p that maps the belief vector 7, to an action ay € A (i.e.,
e — ag). The optimal policy p* is the one that maximizes
the expected reward over the TXOP period. At time slot ¢,
the AP incurs an immediate reward (a.k.a. myopic reward) for
each action a, it takes. This action also has an expected long
term reward on future (e.g., slots £+1 to N,) (a.k.a. reward-to-
20). AP’s expected reward is the sum of these two rewards, and
it is formulated using the value function V,,(7¢). The optimal
policy u* is a sequence of actions that maximizes this value
function over the TXOP period. The immediate reward for an
action ay taken at the start of time slot £ is defined as:

M M
AR IDIPIL A AR

6¢€0 i=1 m=1

a7

We plot the immediate reward as a function of LTE-U interfer-
ence in Subsection VI-B2. The long term reward for an action
ap taken at time slot ¢ is defined as:

La,(7te) = & Z { ( magﬂVu;H(ﬁf+1))1\w,af,ﬁe}

K a
0[60 €+1

(18)

where Ay, 5,7, 18 the denominator in (14) and « is a discount
factor that prioritizes the long term reward, « € [0, 1]. Notice

that the max Va} I(7‘r5+1) term is the optimal value function
a,, €A +

at time slot ¢ + 1. Consequently, the value function of taking
action a, at time slot £ can be formulated by combining the
immediate reward (17) and the long term reward (18):

Va[(ﬁf) = Da('(ﬁf) + KLa[(ﬁ'f)‘ (19)
The optimal policy at time slot ¢ can be derived as:
1 (7e) = arg max Vg, (7). (20)
areA

The value function in (19) has been proved to be a piecewise
linear and convex [25]. The domain in (20) is the belief space
8, which is a continuous space. Obtaining the optimal solution
for POMDP is computationally feasible for small number of
system states (e.g., up to 10 states). The number of states in
our system is much larger, and accordingly sub-optimal or
approximate solutions are preferable. Lots of algorithms have
been proposed in literature for approximating the solution for
POMDPs with large number of state [26, 27]. We have solved
the above problem using SARSOP, a point-based approximate
POMDP solver [28]. SARSOP reduces the complexity of (19)
by sampling a subset of the belief space R c B, and solving
the problem in (20) successively. SARSOP updates R based
on a simple online learning technique.

VI. PERFORMANCE EVALUATION
A. Sliding Window Correlator

We consider an FD enabled Wi-Fi STA with noise floor
02 = -90 dBm, and transmitted power o2 = 20 dBm. We set
0?2 = o} and vary o2, B, and y,. We analyze how different
SIS capabilities, and ISI contamination in the CP affect
detector’s performance for various setups using numerical and
simulation results. We set L = 500 and N = 6400 taking into
account the sampling frequency used in typical Wi-Fi receivers
fs = 20 MHz and the time length of an LTE-U OFDM symbol
(e.g., 72usec). Unless otherwise stated, all simulation results
were generated with 3000 realizations.

In Figures 8 and 9, we set the false alarm probability to
0.01 and compute the NP detection threshold as in (9). Next,
we evaluate the mis-detection probability through simulation
and numerical computations as derived in (7). The detection
scheme attains the 10~ mis-detection probability at even low
LTE-U signal level such as INR = -5 dB (see the ‘No ISI’
plots in Figure 8). Detector performance degrades as more ISI
and residual self interference are generated.

We analyze the receiver operating characteristic (ROC)
performance of the developed detector for several INR, ISI,
and SIS conditions (see Figures 10, 11 and 12). We notice
an increase in the false alarm probability as LTE-U signal
level decreases below a certain limit (see the ‘INR = —1 dB’
plot in Figure 10). Similar result also holds for ISI and self
interference; the false alarm probability increases as STNR
increases beyond a certain limit (see the ‘STNR = 10 dB’
plot in Figure 12 and the ‘ISNR =2 dB’ plot in Figure 11).

B. Joint Rate and Mode Adaptation Scheme

1) Simulation Setup and Methodology: We start with a
simple topology consisting of a Wi-Fi pair (e.g., AP and
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Fig. 8: Mis-detection probability vs. INR for
various ISI levels (Pr = 0.01, no RSI).

Fig. 9: Mis-detection
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various RSI (Pr=0.01, ISNR=2 dB).
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Fig. 12: ROC curves

STA) that coexists with one LTE-U small cell. The two
systems share a channel of 20 MHz in an indoor environment.
We have set channel parameters according to the technical
reports [2, 3]. We assume that both Wi-Fi and LTE-U have
saturated traffic. We assume that Wi-Fi AP has contended
successfully for a channel access, and occupies the spectrum
for a duration equals to the TXOP maximum period (i.e.,
3 msec). We simulate various SINR scenarios by varying
the location of the Wi-Fi STA and evaluating the achieved
throughput for each scenario. We set the SINR at AP and
STA receiver to be equal. Initially, we set LTE-U ON and
OFF periods to be exponentially distributed with equal means
of 10 msec, and then we relax these values. We consider the
following MCS indices K = {0, - - -, 7} with the corresponding
modulation orders by € {1,1,2,2,4,4,6,6} and coding rates
cr € {1/2,3/4,1/2,3/4,1/2,3/4,2/2,3/4}. We compare the
performance of our proposed joint rate/mode (JRM) adap-
tation scheme against the following adaptation schemes. (i)
The optimal (OPT) adaptation scheme: Wi-Fi AP has a full
knowledge about actual interference and SINR values at the
AP and STA receivers. OPT scheme has an oracle knowledge
and attains the capacity of the FD channel. (ii) Single MCS
stepping (SMS) adaptation scheme: Wi-Fi AP steps up and
down the used MCS index in response to the success and
failure of the previous frame transmitions, respectively. SMS
scheme emulates other rate adaptation schemes proposed in
literature, including adaptive rate fallback (ARF), but is has a
faster response [10]. In the third scheme, we consider a fixed
FD mode TR with a fixed MCS-k (TFM-k).

2) Immediate Reward Plots: The performance of the
TS expected immediate reward function D,,-71sx,,) defined
in (17) is shown in Figure 13 for various MCS indices.
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—0—ISNR=3dB
02 04 06 08 1 0 02 04

False Alarm Probability
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0.6 -10 10

INR (Downlink) (dB)

Fig. 13: TSmode reward vs. INR at the DL
(SNR =25 dB, STNR =5 dB).

0.8

for various RSI levels
2 dB).

These plots represent the upper bound of the expected reward.
The associated MCS index in the DL transmission scales as
desired. Lower MCS indices become more desirable as INR
increases in the DL. We also plot the immediate expected
reward function defined in (17) for TR mode D, -1TRr(kp,ky)
versus the LTE-U interference received by the STA for various
MCS indices, as shown in Figure 14. We see that by increasing
the INR in the DL transmission the recommended MCS index
reduces as desired.

3) Wi-Fi Performance: We study the performance of the
proposed JRM scheme in comparison with TFM-k scheme
(see Figure 15). JRM scheme scales with the changes in
SINR. The overall average performance for the proposed
scheme outperforms the fixed MCS assignment. This proves
the importance of adapting the rate for mitigating LTE-U
interference.

Classical WLAN rate adaptation schemes, namely, Onoe,
ARF/AAREF, and SampleRate have relatively slow response;
they adapt MCS indices every tens, hundreds, or thousands
of msec [10]. Our scheme adapts the rate on a shorter time
scale. The SMS scheme mimics these classical schemes and
has a faster response. We compare the performance for our
scheme against the SMS scheme in Figure 16. JRM scheme
outperforms the SMS because it adapts for interference while
taking into account LTE-U behavior, while SMS adapts the
rate in an ad hoc fashion. We investigate the performance of
JRM scheme when compared with OPT scheme(see ‘OPT-FD’
and ‘OPT-HD’ plots). ‘OPT-FD’ and ‘OPT-HD’ plots represent
the upper bounds that the AP can achieve for the FD and HD
cases, respectively. JRM provides 1.5x to 1.9x throughput gain
relative to the OPT-HD.
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Fig. 17: Wi-Fi average throughput vs. LTE-U
OFF period mean (exponentially distributed).

4) Wi-Fi Performance and LTE-U Behavior: Our scheme
is a ware of LTE-U behavior, which is enabled with the help
of the two-sliding-windows sensing scheme. Sensing provides
the AP with an improved awareness about LTE-U activities.
Accordingly, the AP adapts operation by selecting modes and
rates based on the POMDP policy. We illustrate how different
LTE-U parameters trigger POMDP adaptation. In particular,
we model LTE-U with an ON/OFF process for which ON and
OFF periods can be exponentially and uniformly distributed.
We fix the mean for the ON period to 10 msec, and vary
the mean for the OFF period accordingly. Generally speaking,
this setup mimics the behavior of LAA and CSAT. We plot
the Wi-Fi AP average throughput versus the mean of the
OFF period when it is exponentially distributed (see Figure
17) and uniformly distributed (see Figure 18). There are
three observations to read from these plots. As expected,
we notice that the increase in the mean of the OFF period
enhances the performance of Wi-Fi. We also notice that JRM
scheme outperforms SMS scheme and approaches the OPT
scheme. SMS has relatively a slight increase in the achieved
throughput, but this increase saturates early because SMS
scheme is agnostic about LTE-U behavior. On the other hand,
we notice that JRM scheme approaches the OPT scheme as
the mean of the OFF period exceeds that of the ON period.

5) LTE-U Performance: In our scheme, Wi-Fi AP does not
back off in response to collisions caused by LTE-U. Instead,
Wi-Fi AP mitigates collisions by jointly adapting rate and
mode. We seek to analyze how this behavior might impact
LTE-U performance. Let’s consider a simple CSAT duty cycle
adaptation scheme for which the HeNB adapts the duty cycle
according to the number of Wi-Fi nodes (e.g., d. = 1/(n+ 1))

We set LTE-U ON and OFF period to be 20 msec and gen-

Zoff (msec)

Fig. 18: Wi-Fi average throughput vs. LTE-U
OFF period mean (uniformly distributed).
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Fig. 19: LTE-U throughput vs. the number of
Wi-Fi nodes.

erate uniformly random Wi-Fi transmission attempts during
LTE-U OFF period, where each Wi-Fi transmission lasts for 3
msec. Figure 19 shows that Wi-Fi collisions causes relatively
minimal degradation to LTE-U performance.

VII. CONCLUSIONS

Wi-Fi/LTE-U coexistence faces many challenges due to the
dissimilarities between LTE-U and Wi-Fi technologies. In this
work, we addressed two problems: The detection of LTE-
U signal and the adaptation of Wi-Fi modes/rates assuming
an FD framework. We have introduced an FD-based sliding-
window correlator that detects LTE-U signals, and analyzed
the detector performance under imperfect self-interference
suppression. We have also harnessed our detection scheme
for mitigating the LTE-U interference. We have introduced
a POMDP-based adaptation scheme for jointly adapting Wi-
Fi FD modes and transmission rate (i.e., MCS indices). Our
results indicate that joint rate and mode adaptation provides
on average around 1.5x at low SINR and 1.9x at high SINR
throughput gain over the maximum HD theoretical throughput.
Future work includes considering the coexistence between
several LTE small cells and Wi-Fi networks.
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