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Abstract—To avoid the foreseeable spectrum crunch, LTE
operators have started to explore the option to directly use the
underutilized unlicensed spectrum in 5 GHz UNII bands being
mainly used by IEEE 802.11 (WiFi). However, as LTE is not
designed with shared spectrum access in mind, it has a potential
to seriously harm Wi-Fi. Currently suggested solutions focus on
forcing LTE-U to introduce coexistence gaps in either frequency,
time, or space domain, and are addressing the coexistence only
indirectly due to the lack of coordination among the coexisting
WiFi and LTE-U networks. Contrary to these schemes, our
proposal introduces explicit cooperation between neighboring
LTE-U and WiFi networks. We suggest that LTE-U BSs equipped
with multiple antennas can create coexistence gaps in space
domain in addition to the time domain gaps by means of
cross-technology interference nulling towards WiFi nodes in the
interference range. In return, LTE-U can increase its own airtime
utilization while trading off slightly its antenna diversity. We
demonstrate that such cooperation offers benefits to both WiFi
and LTE-U in terms of improved throughput and decreased
channel access delay. More specifically, system-level simulations
reveal a throughput gain up to 221% for LTE-U network and up
to 44% for WiFi network depending on the setting, e.g., distance
between the two cells, number of LTE antennas, and WiFi
nodes in the LTE-U BS neighborhood. Our approach provides
significant benefits especially for moderate separation distances
between LTE-U/WiFi cells where interference from a neighboring
network might be severe due to the hidden network problem.

I. INTRODUCTION

The rapid growth of wireless traffic has been a key challenge
for mobile network operators in the past years. Luckily,
wireless local area networks (WiFi/IEEE 802.11) have acted
as a life ring by carrying a significant fraction of the offloaded
mobile traffic (60% in 2015 [1]). Recently, however, LTE
operators have started to explore other options, known as
unlicensed LTE, to use the unlicensed spectrum directly by
performing carrier aggregation deep at the radio link level.
Aggregation at this level has potential to expand the cellular
capacity significantly and enables efficient load balancing over
the licensed and unlicensed channels as the LTE network has
full awareness of the network load and signal quality of both
links [2] and full control over the load shifting. On the other
hand, the proliferation of a particular technology like LTE in
Unlicensed spectrum (LTE-U [3]) in parallel with the predicted
exponential growth in the usage of WiFi is expected to result in
severe mutual interference. In case of both these networks op-
erating on the same channel at 5 GHz UNII bands, a significant
performance degradation can be expected (e.g., [4], [5]), unless
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Fig. 1. Coexistence gaps in one dimension either in time or frequency
domain (top figure) and proposed coexistence gaps in two dimensions (bottom
figure). WiFit is the WiFi node being nulled and WiFi~ receives strong
signals from the LTE BS as it is not nulled.

LTE-U networks implement coexistence solutions cautiously.
The reason for that is simple: WiFi has high flexibility in
the time domain, as it uses the channel in a random access
listen-before-talk (LBT) manner with a fine time granularity.
This feature assures high efficiency in coexistence of several
independent WiFi installations. On the contrary, the LTE-U
network follows a predefined schedule, which can be changed
only in the time scale in the order of tens of milliseconds,
colliding with any other traffic in its activity phases.

Recent years have witnessed a boom of coexistence designs
for LTE-U and WiFi, e.g., [6], [7], [8], [9], aiming at improve-
ments of LTE-U coexistence-friendliness towards WiFi (i.e.,
achieving some air usage fairness) by adapting its operation
parameters, e.g., reducing duty-cycle and introducing subframe
puncturing, at the expense of performance in the LTE-U net-
work. However, such adaptation can take place only on rather
long time scales and fails in assuring flexible coexistence in
short term. We argue that flexibility of coexisting networks is
key to achieving “joy of the commons” as opposed to well-
known issue of “tragedy of the commons” in the unlicensed
bands where the networks operate mostly on equal rights.

In this paper, we suggest to add additional flexibility to LTE-
U in the space domain as shown in Fig. 1. More specifically,
we suggest that LTE-U BSs equipped with an antenna array,
should exploit some of its antenna resources to perform
interference-nulling towards co-located WiFi nodes and to
decrease the impact from its downlink (DL) traffic on these
WiFi nodes. In return, LTE-U can increase its own airtime
utilization as the nulled WiFi nodes can receive their DL traffic
during LTE-U’s on-period without distortion and hence need
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not to be considered in airtime fairness considerations (as
explained in Sec IV-C). In other words, an LTE-U BS can
create coexistence gaps (similar to almost blank subframes)
in space domain by means of interference nulling. We argue
that our proposal smoothly introduces politeness to the LTE-U
which is crucial for fair spectrum sharing with WiFi, instead
of changing the LTE’s nature to introduce LBT functionality.

Our proposal is beyond coexistence: it suggests direct
cooperation among WiFi and LTE-U networks, which is
necessary for using the unlicensed bands with high efficiency
rather than passively implementing coexistence solutions to
decrease the impact of one network on the other. Hence, it
falls into the family of coordinated coexistence solutions [8].
Although current technologies do not support communication
of control messages between LTE-U and WiFi, a recent
study, LtFi [10], shows a way to create a cross-technology
control channel (CTC) between LTE-U and WiFi for radio
resource management. We believe that our approach can be
implemented using such a CTC.

Contributions: We propose to apply interference-nulling at
the LTE-U BSs equipped with multiple antennas towards co-
located co-channel WiFi nodes as a way to create coexis-
tence gaps in space so that LTE-U/WiFi coexistence can be
improved. We first present a model capturing the trade-offs
between the airtime and the channel rate under a given nulling
configuration. Next, we provide an optimization problem for-
mulation to derive the optimal nulling configuration and also
present a low-complexity heuristic for finding groups of nodes
to be nulled. Simulation results reveal that interference-nulling
can improve the throughput of the LTE-U cell up to 221%
while also providing some gains for the WiFi, e.g., 44%.
Moreover, both systems enjoy lower channel access delay
which is of great importance for applications requiring low-
latency communication.

II. BACKGROUND ON LTE-U, WIFI, AND NULLING
A. LTE-U

LTE-U is being specified by the LTE-U forum [3] as the
first cellular solution using unlicensed bands for DL traffic.
The LTE carrier aggregation framework supports utilization
of the unlicensed band as a secondary cell in addition to
the licensed anchor serving as the primary cell. The LTE-
U channel bandwidth is set to 20MHz which is equal to
the smallest channel width in WiFi. The main coexistence
mechanism of LTE-U is dynamic channel selection where
the LTE-U BS seeks for a clear channel (coexistence gap in
frequency domain in Fig. 1). If no such channel is identified,
LTE-U selects the channel with the least observed WiFi
utilization and applies duty-cycling in this channel. As LTE-U
does not implement LBT, it can be deployed only in countries
where LBT is not mandated for unlicensed channel access,
e.g., USA and China.

Fig. 2 illustrates the duty cycled unlicensed channel access
of LTE-U. An LTE-U BS actively observes the channel for
WiFi transmissions and estimates channel activity for dynamic
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Fig. 2. Adaptive duty cycling in LTE-U.

channel selection and adaptive duty cycling. A mechanism
called carrier sense adaptive transmission (CSAT) is used
to adapt LTE-U’s duty cycle [11], [12], i.e., by modifying
the on-period (7,,) and off-period (T,g) values, to achieve
fair sharing. Moreover, LTE-U transmissions contain frequent
gaps, so called subframe punctures, in the on-period, which
allow WiFi to transmit delay-sensitive data. Qualcomm [12]
recommends 40, 80, or 160ms as LTE-U period and at least
2ms puncturing gaps every 20 ms. Note that LTE-U does not
apply LBT before packet transmission in the on-period.

B. WiFi

In contrast to LTE-U which uses scheduled channel access,
WiFi nodes (APs as well as STAs) perform random channel
access using an LBT scheme, i.e., CSMA. WiFi makes use
of both virtual and physical carrier sensing. Because WiFi is
unable to decode LTE-U packets, it has to rely on physical
carrier sensing (CS). Moreover, CS is restricted to Energy
Detection (ED) which is less sensitive compared to preamble-
based CS methods: ED threshold for sensing an LTE-U signal
is -62 dBm whereas a WiFi AP can detect other WiFi signals at
the sensitivity level around -82 dBm.! ED threshold for LTE-
U to sense WiFi signals is -82 dBm which is recently agreed
by the WiFi Alliance’s Coexistence Test Plan [14].

An LTE-U’s transmission may have the following two
impacts on WiFi depending on the received LTE-U signal’s
strength: (i) WiFi cannot access the medium during LTE-U’s
on-periods as ED mechanism of WiFi is triggered at the WiFi
transmitter; (ii) WiFi experiences frequent packet corruptions
due to co-channel interference at the WiFi receiver. Case (i)
results in lower airtime for WiFi due to channel contention
while Case (ii) results in wasted airtime due to packet loss
caused by inter-technology hidden node problem [4], [5].

C. Interference Nulling

A transmitter equipped with an antenna array, e.g., uniform
linear array (ULA), can use precoding to change how its signal
is received at a particular wireless node. To do so, it multiplies
the transmitted signal by a precoding matrix P. Specifically, in
interference nulling the precoding matrix is chosen to null (i.e.,
cancel) the signal at a particular receiver, i.e. HP = 0, where
H is the channel matrix from transmitter to receiver [15]. Note
that the transmitter requires knowledge of H.

III. SYSTEM MODEL

We consider a coexistence scenario as in Fig. 3 where an
LTE-U cell and WiFi Basic Service Set (BSS) have overlap-
ping coverage and share the same unlicensed channel for their

IThere is some debate on whether WiFi’s ED threshold is fair and a
suggestion to change WiFi’s ED level from -62 dBm to -72dBm [13].
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Denote the set of UEs served by the LTE-U BS by U! =
{ul,--- ,ub,}. Similarly, denote the set of stations served by
the WiFi AP by U™ = {u}’,--- ,uly}. For the simplicity of
the notations, we use index 0 for the WiFi AP (ug’) and LTE-U
BS (uf)). Let d; , and §; ,, denote the distance and angle of a
user ¢ (be it a UE or STA) from a BS = (z = [ for LTE-U or w
for WiFi AP), respectively. We assume that LTE-U BS serves
its UEs in different time slots, i.e. TDMA based scheduling.

We consider backlogged traffic for both networks and focus
on the DL only. For LTE-U system, this corresponds to
supplementary DL case. For WiFi, our scenario is still relevant
as current networks are DL-heavy, e.g., 80-90% [16] of data
traffic is attributed to DL.

LTE-U BS detects the WiFi nodes if it receives the WiFi
signals above the ED threshold for the WiFi signals, I',, dBm.
Similarly, a WiFi AP detects the existence of an LTE-U BS
in its neighborhood if the AP receives an LTE-U signal above
ED threshold I'; dBm. Note that I",, and I'; do not need to
be equal. We denote the bandwidth of an unlicensed channel
by B. Transmission power of LTE-U and WiFi is denoted by
P, and P,. The distance-dependent pathloss parameter v is
assumed to be identical as both networks are deployed in the
same environment and operate at the same frequency.

We assume that LTE BS is equipped with an antenna array
of K antennas (uniform linear array, ULA) whereas all its
users and all WiFi nodes (i.e., AP as well) have only single
antenna. The LTE BS is able to precode its DL signal for the
purpose of beamforming and interference-nulling toward its
own UEs as well as a subset of the WiFi nodes to cancel
out its interference on these users. Moreover, we assume
the existence of a Cross-Technology Control (CTC) channel
between LTE-U BS and WiFi AP, e.g., LtFi [10], which
is used for exchanging signalling and control data needed
for interference nulling. Moreover, it is used for proximity

2An extension to multiple cells is straightforward in case LTE cells are
synchronized in their CSAT cycles. We plan a multicell setting as future
work.

detection, i.e., gives information about the pair of nodes,
LTE and WiFi, in mutual interference range. To compute
the precoding matrix for interference-nulling, the LTE-U BS
requires knowledge of the channel matrix H towards the WiFi
nodes (refer Section II-C). We assume that the LTE-U BS
acquires the CSI H from the control channel. 3

We define the WiFi nodes being nulled by the LTE-U BS as
UY and their number by K, i.e., |/ |=Kz. Denote the LTE-
U BS’s beam and nulling configuration (6,4/%) where 6 is the
angle between the LTE-U BS and its UE that is being served
at this timeslot. Based on the beamforming/nulling algorithm
applied, we can calculate the gain at each user. Let us denote
the beamforming gain at the receiver under a configuration
(0,U4%) by @ and P, is the gain at UE wu,. Note that a WiFi
station being nulled, e.g., u;’, will have a very small ®; value
representing the fact that an efficient nulling algorithm results
in very weak LTE-U signal at this user. Under perfect nulling,
®,; approaches to zero.

IV. OPTIMAL INTERFERENCE-NULLING AND
BEAMFORMING IN THE LTE-U DL

A. Overview

As LTE-U does not implement LBT, it has to rely on
duty-cycling which is adapted according to the observed WiFi
medium utilization and number of WiFi nodes. Briefly, LTE-U
must leave the medium for WiFi proportional to the number of
WiFi nodes observed in the neighborhood. That means, LTE-
U’s airtime is lower in case of high number of WiFi nodes
in the ED range of the LTE-U BS. Given this key fact as our
ground, an LTE-U BS can look for ways to decrease number
of WiFi nodes that will be affected by the interference of the
LTE-U transmission, i.e., WiFi nodes in its ED range. This
can be achieved in several ways, e.g., decreasing the LTE-U
BS transmit power [9] or switching some WiFi users equipped
with dual radio to the LTE cell [18]. Our approach is different
as defined in the following.

We apply cross-technology interference-nulling from LTE-
U BS towards carefully-selected WiFi nodes. As a result,
these nulled WiFi nodes receive only very weak interference
from the LTE-U DL. Hence, from the perspective of the
WiFi node, the LTE-U BS is no longer in the competition
for the shared medium. As a consequence, there is no need
to consider such nodes in the estimation of the fair airtime
share at the LTE-U BS. Therefore, LTE-U can maintain a
larger share of airtime compared to the case where there is no
interference-nulling. Moreover, since these nulled WiFi nodes
are able to receive interference-free traffic during LTE-U’s
on-period, this approach promises benefits also to the WiFi
network. On the other hand, longer airtime is achieved at the
expense of reserving some of the LTE-U BS’s antennas for
interference-nulling rather than using them for LTE-U’s own
DL transmission. In other words, some of the LTE-U BS’s an-
tenna diversity (aka degree of freedom) is sacrificed for longer

3In a practical setting, it is challenging to acquire H. Please see [17] for
more details on how we tackle the lack of CSI at the LTE-U BS in a different
way and implement interference nulling on commodity hardware.



UE DL
traffic WiFi nulling
~

~
Y v‘v ON ON
—>
OFF
LTE-U

Y WiFi DL to only WiFi DL and UL to and
nulled users from all users

[ ) | | |

Fig. 4. Medium access of the LTE-U BS and WiFi nodes.

airtime usage. Hence, LTE-U BS needs to apply interference-
nulling cautiously, i.e., we need to find the optimal operation
point where both networks will be better off.

There are several questions we must address in deriv-
ing the optimal operation point: (i) How many of the de-
grees of freedom, i.e., antennas, an LTE-U BS should use
for interference-nulling? (ii)) Which of the co-located WiFi
nodes (APs and STAs) should be nulled? To address the above-
listed nontrivial questions, we derive the trade-off between
the additional airtime LTE-U gains from interference-nulling
and the performance degradation in the LTE-U cell due to the
reduced number of degrees of freedom. For the first question,
we need to formulate the LTE-U throughput considering the
airtime as well as the SNR at the UE before and after nulling.
Regarding the second question, the network geometry, i.e. the
locations of the co-located WiFi nodes, need to be considered,
e.g., their distances from the interfering nodes and the serving
node (LTE-U BS or WiFi AP).

Our aim is to find the beamforming/nulling configuration
for the LTE-U BS that provides a good balance between the
LTE-U and WiFi throughput, which is crucial to achieve a
harmonious coexistence in the considered unlicensed bands.
As throughput is a function of the airtime available to a system
and the average rate when the considered system captures the
medium, we explain next how to calculate the airtime and DL
rate of LTE-U and WiFi systems under a particular beam-
forming/nulling configuration (0,43 ). Then, we formulate
the problem as a sum-rate maximization problem subject to
constraints of the nulling and WiFi-LTE-U coexistence setting.

B. Medium Access under Nulling

Consider a case where all nodes are in a single collision
domain. Since we consider only the DL, WiFi AP and LTE-
U BS are the candidate transmitters who need to apply time
sharing. In case LTE-U BS nulls the WiFi stations (receivers of
WiFi DL traffic), it achieves a higher airtime resulting in lower
airtime for the WiFi network. However, as WiFi AP defers
during LTE-U on-periods, it will not be able to transmit to the
nulled WiFi stations in the DL. Hence, in this case, the WiFi
will not benefit from nulling. However, LTE-U BS can choose
to put a null also in the direction of the WiFi AP. Then, WiFi
AP can transmit all the time and may achieve good channel
rate at the nulled stations. Nulling only the WiFi stations
can improve the WiFi performance in case the WiFi AP is
sufficiently far away from the LTE-U BS such that it does not
sense the LTE-U BS but WiFi stations are closer to the LTE-U
BS. Hence, WiFi DL traffic will benefit from the absence of
co-channel interference. Nulling is especially beneficial in case

of cross-technology hidden-terminal problem. In this case, the
WiFi AP can send DL traffic to the nulled stations during
LTE-U’s on-period without LTE interference.

Fig. 4 shows the medium access in these two considered
cases. While WiFi transmission in both uplink (UL) and DL
could be possible during the LTE-U on-period, it is impossible
for LTE-U BS to predict which WiFi node will transmit due
to the random access nature of WiFi. Hence, from a practical
viewpoint, we need a solution where the nulling configuration
does not depend on the WiFi traffic but rather only on the
positions of the WiFi nodes. We suggest to focus on the WiFi
DL which is meaningful as it represents the lion share of
the traffic in the WiFi cell. Therefore, during the LTE-U’s
on-period, only WiFi DL traffic is considered and any WiFi
UL traffic might experience high co-channel interference from
LTE-U in case the WiFi AP is not being nulled.*

C. Airtime under Nulling

Airtime is the fraction of time a node can access the
medium. Let us denote by «; and «,, the LTE-U airtime
and WiFi airtime. Since we consider DL, there is only one
transmitter at each network, i.e., LTE-U BS and WiFi AP, we
can safely use the term LTE-U airtime or WiFi airtime to refer
to the airtime of the LTE-U BS and WiFi AP, respectively.

To calculate airtime at each system, we first check if the
respective transmitter, BS or AP, senses the other transmitter.
Let o, represent whether WiFi AP receives the LTE-U BS
signal above the predetermined ED level under a beam con-
figuration ®. Recall that WiFi and LTE-U may apply different
ED thresholds for signal detection. We define o,, as follows:

P,D~"®,
B =T (1)

1,
Ow = .
0 , otherwise.

In (1), we include the term ® to represent the resulting LTE-U
BS’s antenna gain at the AP under ®, i.e., precoding.

In case o,, = 0, WiFi’s airtime is 1 meaning that it accesses
the medium all the time since from its perspective there is no
other transmission in the channel requiring it to defer from the
channel. On the other hand, for o,, = 1, since WiFi applies
CSMA-based medium access, the available airtime for WiFi
depends on the time the LTE-U does not use the medium, i.e.,
off-periods. Hence, we need to first calculate LTE-U’s airtime.

LTE-U applies CSAT as the main coexistence scheme.
Based on the CSAT on and off periods, we can calcu-
late the airtime for LTE-U simply as o; = :,EC 22— where
Tesat = Ton +Topy is the CSAT cycle set to a predefined
recommended value, e.g., 80 ms [11]. While there are different
suggestions to adapt the CSAT on duration (hence the T,
duration as T.sq¢ — Ton), we will consider the approach sug-
gested in [11] which adapts T,,, in several iterations according
to the medium utilization of WiFi.

4This will surely create a problem for control frames like immediate ACKs.
We recommend to use delayed block ACKs available since IEEE 802.11n.
These frames are sent via contention-based access and therefore can be
postponed to the off-period where all types of traffic is possible.



Let us now overview the proposal in [11]. LTE-U small
cells are scheduled to sense for WiFi packets during moni-
toring slots (in CSAT off-period) and estimate the medium
utilization (MU) according to the decoded packet type and
its duration. Given that off-period is sufficiently long, LTE-
U cells may perform medium sensing several times and have
a better observation about the ongoing WiFi traffic activity.
In our model, we assume backlogged DL for both networks.
Hence, WiFi’s medium utilization converges to 1.

An MU value higher than a threshold, e.g., MUy, triggers
LTE-U BS to decrease its T, as follows:

Ton = maX<Ton - AT1downa Ton,min)a (2)

where T},.,, is the granularity of decrease at each adaptation
step and T5, ;min is the minimum duration for on-period
to ensure that LTE-U BS can transmit for some minimum
duration. This minimum duration is computed according to
the number of WiFi nodes being detected from the preambles
of WiFi packets sensed by the LTE-U BS such that the airtime
available to each system is fair.

Let N, denote the number of WiFi nodes whose received
signal level is above the carrier sense threshold at the LTE-
U BS. We can calculate N, as follows. With a slight abuse
of the notation, we denote by o;; the flag taking value 1 if
LTE-U BS senses WiFi user u".

Poidi) o p
B770 = w

1,
oL = .
0 , otherwise

where P, ; is the transmission power of w;’. Consequently,
we can compute N as: N.g = Zfio 01,;. After calculating
N¢g, LTE-U can compute T4y, min as:

(Msame + l)Tcsat ) (3)
Msame +1+ Mother + Ncs ’
where T,,;, is a configuration parameter tuning the minimum
duty cycle below ED, Mg, is the number of detected LTE-U
small cells of the same operator, and M ,pe, 1S the number of
detected small cells of other operators. Note that LTE-U small
cells belonging to the same operator have the same public land
mobile network ID. In the above equation, setting Mgyme =
0 and Myther = 0, we calculate the second term of (3) as
% As a smart decision from the perspective of LTE-U is
to set T}y, larger than A:,F““t we can articulate that Ty, pin
is determined by the second term of (3). Hence, we assume
that Ton min — ]\1/}7%“

At each iteration of CSAT adaptation, LTE-U BS will be
forced to decrease its on duration by Ty, as in (2) since AP
has always DL traffic, i.e., MU > MU;. Consequently, Ton
converges to T,p min Which is calculated as NCS‘” Finally,
we calculate the LTE-U airtime in case of no nulling as:

Tesat

Tommin = mln(Tmin y

1
Ko =0) = St = : 4
al( o ) Tcsat Ncs +]- ( )
If K5 users are nulled, the LTE-U airtime becomes:
1
aq(Kyg)= ——7-———. 5
1(Ko) (N —Ko) 11 ®)

In the above formula, nulled nodes are neglected while cal-
culating the airtime as they will only marginally be affected
by an LTE-U signal under an efficient null steering scheme.
Therefore, they become irrelevant in fairness consideration.
Now, for o,, = 1, we can calculate WiFi airtime based on
whether LTE-U BS nulls the AP or not. In case WiFi AP
is nulled, the WiFi airtime equals to 1. That is, interference
nulling at the WiFi AP results in WiFi AP never defer as it will
never sense an ongoing LTE-U transmission. If LTE-U does
not prefer to null the AP, WiFi airtime is v, = 1 — oy (Kg).
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Fig. 5. Impact of CSAT adaptation and nulling on LTE-U airtime.

Table I summarizes airtime values based on carrier sensing
condition of each network, CSR(c,,0;) where o; = {0,1}
and o, = {0, 1}. Note that we have the same airtime formula
for the LTE-U independent of its o; value as there may be
cases where LTE-U does not hear the transmission of the AP
but overhears those of the stations. That is to say, what really
matters for LTE-U is the number of WiFi nodes in the ED
range of the LTE-U BS. For WiFi, we must consider o,, as
well as the nulling status of the AP.

Implementing the algorithm of [11], we find the change in
LTE-U airtime at each CSAT adaptation step with increas-
ing N.s under the assumption that medium utilization is 1,
i.e., WiFi traffic is backlogged. We set the initial values of
Ton=40ms, Tofr=40ms, Treq:=80ms, AT p,n=5ms. More-
over, we set Tty min=80ms to let LTE-U be constrained by
the WiFi traffic not artificially by its misconﬁguration Fig.5a
plots the LTE-U airtime, i.e., oy =
of neighboring W1F1 nodes. Notlce that the airtime values
converge to Ncs —7 after some adaptation steps as expected
from our analysis. The convergence speed obviously depends
on the initial value of T,,, as well as T,s,;, number of WiFi




TABLE I
AIRTIME OF LTE-U AND WIFI FOR VARIOUS CSR(0w, 07) SCENARIOS: 0z = 1 MEANS THAT NETWORK X = {l, w} SENSES THE OTHER NETWORK
ABOVE THE ED LEVEL. SHADED CELL CORRESPONDS TO THE AIRTIME FOR WIFI WHEN NULLING IS NOT APPLIED.

CSR(1,1)
Nw. CSR(0,0) | CSR(0,1) | CSR(1,0)
Null AP | Null Kg STAs | No Null
- 1 1 1
WiFi AP | 1 1 =1 | ! ey ersil M P
LTE-U BS TR

stations in the coexistence domain (/V.s) and how successfully
LTE-U can detect their existence (MU and N.), and the
granularity of decrease/increase steps (ATyoun, ATyp). From
Fig.5a, we can also observe the nulling gain as the difference
between the curves corresponding two different N.s curves.
For example, for the initial setting of N.s=10, we will get the
nulling gain in terms of airtime under K =2 as much as the
difference of airtimes for N.,=8 and that of N_.=10, i.e., 1/9-
1/11. For lower N4, the benefit of nulling is more pronounced
as seen in Fig.5b which plots the gain in the LTE-U airtime
by nulling Kz WiFi nodes under different N.s values.

D. Throughput under nulling

Let us consider an LTE-U UE and calculate its throughput
in the DL. For the LTE-U UE ué DL rate can be defined as:

blocked WiFi AP
unblocked WiFi AP

Pldjjycpj)
Bmno ’

Pd; ) ®;

1 150>

ri;, = Blog(1 + ————
gt ( BnU+Pu,dj,;’J)’

7"2,1 = Blog(1 +
Tl =

where WiFi AP may be unblocked in two cases: (i) the AP
does not sense LTE-U BS, i.e., o, = 0, or (ii) despite o, = 1,
the AP can transmit because it is nulled. Note that in the above
equation ®; is a function of the number of antennas used for
nulling. The LTE-U BS uses its (K — K4) antennas for this
UE resulting in lower beam gain if less antennas are available
for the UE. As we already calculated the airtime for LTE, we
can find the throughput for an LTE UE as: R;; = ag7; ;.

As for WiFi DL rate, we need to consider whether co-
existence is only in the time domain or in both time and
space domains. For the former, there will be no LTE-U BS
interference on the WiFi DL. However, for the latter, as LTE-
U BS changes state between on and off periods while WiFi AP
has DL traffic, we calculate the WiFi DL rate at WiFi station
¥ considering the rates during on and off periods. Let us

U;
consider the first case, i.e., o0, = 1 and AP is not nulled.

WiFi throughput in this case R?,w equals to:
RY, = (1—a;)Blog(l + P%d;g) (6)
aw — o 0og —)-
' Brg

If sharing is in time and space, i.e., o, = 0 or AP is nulled,

WiFi throughput R}, equals to:
a;Blog(1+ YY)+ (1—ay)Blog(1+ “)

Bno+Pid; | ®; o

LTE on-period LTE off-period

Note that if «;" is in U, ®, is marginal and effectively results
in no rate degradation in the WiFi DL for u;".

E. Channel access delay under nulling

Let us now calculate the expected time to access the medium
for both LTE-U BS and the WiFi AP considering the case of
CSR(oy = 1,07 = 1). In a conventional LTE-U/WiFi setting,
the LTE-U BS has to wait for the on-period to be able to send
its packets while WiFi AP waits for the LTE-U off-period. In
this case, expected channel access delay for LTE-U BS 7 is:
(1 - al)Tcsat - (l_al)zTcsat

T,
n=1-a)"2L=(1 - ) : —

2

Similarly, we calculate the expected channel access delay for
WiFi AP 7, as’:

Ton N achsat _ a%Tcsat
2 T 2

Tw — (]

Under nulling, LTE-U BS experiences a faster access to the
channel as LTE airtime «; is increased. For WiFi, channel
access delay gets shorter if AP is nulled: essentially we move
from the regime of CSR(1,1) to that of CSR(0,1). As a result,
channel access delay becomes zero for the WiFi AP.

F. Problem Formulation

Our aim is to find the nulling configuration to be used
at the LTE-U BS that provides the optimal performance.
We can define different optimization objectives by changing
the priority of LTE-U and WiFi denoted by §; and £, and
satisfying the condition that 5, + 3,, = 1. Our policies are:
MaxSum maximizes the system wide capacity giving each
system equal weight, i.e., 8; = B, with a constraint that
WiFi capacity does not degrade compared to the baseline in
which LTE-U does not apply nulling (referred to as NoNull).
MaxLTE maximizes LTE-U’s capacity, i.e., =1, [,=0.
MaxWiFi maximizes WiFi’s capacity, i.e., 5,=1, £;=0.

Let x = [xg,- - ,xn]| denote the LTE-U BS’s nulling con-
figuration where z; yields value 1 if WiFi station ¢ is nulled,

5Note that we neglect the subframe punctures in this calculation considering
LTE-U on periods shorter than 20 ms.



0 otherwise. Next, we formulate our problem as follows:

N M
= Ri w
max ﬁw&# + By i (7

j=1
Riw=0u((1=20) R} y+2o R} ) +(1—0w) R ,, Vi (8)
ria=y;(@or 1+ (1—x0)(0wr) +(1 — o)), Vi (9)

M
Zyj =1 (10)
j=1

xX; <Ul,i; V’L:[O,N] (11)
N

Zmi <K (12)
i=0

o = ! (13)

Zz’]\io Ol — ZiV:O ri+1

ay = 2o+ (1—z0)(0w(l —ay) + (1 — 0y)) (14)

2 €{0,1}  Vi=[1,N] (15)

yj € {071} Vi = [17M] (16)

The first term of our objective (7) represents the expected
DL throughput of the WiFi network weighted by 3,, and the
second term stands for the throughput of the LTE network
weighted by ;. Consts.(8) and (9) correspond to the through-
put of a WiFi user and rate of an LTE-U user, respectively.
Binary variable y; in Const.(9) represents whether UE j is
scheduled to receive DL traffic. Const.(10) states the fact that
there is only one UE actively receiving DL traffic from the
LTE-U BS at any scheduling period. Since airtime increase
is only relevant for nodes that are in the ED range of the
LTE-U BS, we add Constr.(11) to ensure that x; is zero if
ui’ is not in the range of LTE-U BS. Such WiFi nodes are
not selected for nulling due to Const.(11). Const.(12) states
that maximum number of nulled WiFi nodes must be smaller
than the total number of LTE-U antennas so that at least one
antenna is reserved for its UE. Consts.(13) and (14) define
the airtimes of LTE-U and WiFi, respectively. Note that x
in Const.(14) stands for WiFi AP and states the fact that if
WiFi AP is nulled, the airtime for WiFi will be 1. Finally,
Consts.(15) and (16) denote the type of variables as binary
integers.

This problem can be solved for both x=[z;] and y=[y;]
simultaneously or it can be solved for x after setting y. Here,
we take y as given, i.e., LTE-U BS first decides on which UE
to serve. As solving for x exactly is of high complexity, we
present a low-complexity algorithm which can be implemented
easily and run at every duty-cycle period of the LTE-U BS.

V. Low-COMPLEXITY NULLING: GREEDY

Randomly selecting the nodes, i.e., AP or stations, to be
nulled by the LTE-U BS is suboptimal as it may either
degrade the wanted signal at the UE, i.e., in case the WiFi
node to be nulled and the LTE-U UE cannot be separated in
angular domain (or two channels are correlated), or nulling
a WiFi transmitter may result in hidden terminal problem as
WiFi node’s CS mechanism is effectively switched off due

to nulling. To avoid such cases, we propose a null grouping
algorithm that groups WiFi nodes into suitable subsets that are
beneficial to null.

Our proposed heuristic GREEDY constructs a null group
starting with the WiFi node that when being nulled gives the
highest gain in terms of the selected metric, e.g., increase
in LTE-U capacity, and sequentially extending this group by
admitting the WiFi node providing the highest increase of a
given grouping metric (refer to three policies in Section I'V-F).
Once the group reaches its target size, or no more WiFi
nodes can increase the grouping metric, the nulling group is
considered complete. GREEDY needs following information
to compute the metric: i) the set of WiFi nodes in the sensing
range of the LTE-U BS, ii) the average pathloss of the channel
from WiFi AP towards LTE-UE currently being served. The
associated computational complexity considering execution
time is O((N +1)2) where N + 1 corresponds to the number
of WiFi nodes—AP and STAs.

VI. PERFORMANCE EVALUATION

We evaluate our approach in our Python simulator while
computing the antenna array response after precoding (beam-
forming/nulling) in Matlab’s Phased Array system toolbox.’
Specifically, we derive the precoding vector using LCMV
beamformer [19] as it allows us to put the signal in the
desired UE direction while putting nulls toward the selected
WiFi nodes. Unless otherwise stated, we use the following
parameters: number of UEs M=1, P,=17dBm, P,=17dBm
as well as the power of WiFi stations while calculating N,
I',=-82dBm, I';=-72 dBm. To determine the location of each
user, we randomly select an angle in [0,27] and distance in
[0,r] where r is set to 50m for both LTE and WiFi. We
change D in [10m,130m] with a step of 20m to cover all
interference regimes. Next, we present the average statistics
and the standard error of the mean values of 500 runs.

A. Gain from Nulling

This section shows how much gain both LTE-U and WiFi
network achieves through nulling with GREEDY under Max-
Sum policy. We also compare GREEDY with the optimal solu-
tion (OptMaxSum) maximizing the sum of LTE-U and WiFi
throughput found through exhaustive search of all possible
nulling groups considering the objective function in (7).

Fig. 6 compares NoNull with the proposed nulling scheme
for different distances between the LTE-U BS and WiFi AP
for K=6 and N=8. As Fig. 6a depicts, LTE-U cell maintains
higher throughput under nulling compared to NoNull. The
throughput increase is mostly due to the increased LTE-U duty
cycle because of nulling. The performance increase achieved
by OptMaxSum is up to 152% for LTE which is realized
at D=50m. GREEDY achieves up to 92% improvement over
NoNull and the highest gain is realized at D=30m. The sec-
ond observation is that the difference between GREEDY and
OptMaxSum is mostly low with the exception at D=50 m.

Shttps://de.mathworks.com/products/phased-array.html
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Fig. 6. Comparison of schemes for K=6, N = 8. Fig. 7.

As of WiFi performance, we observe in Fig. 6b that WiFi
cell slightly benefits from nulling. At D=10m, the WiFi
throughput is increased by 5% (and 1% by GREEDY) which
corresponds to the highest gain for WiFi. However, for sparse
user deployments, achieved throughput gain is higher. For
example, for a WiFi cell with a single station (not plot-
ted), OptMaxSum provides 44% increase to the WiFi cell
at D=10m and 19% increase at D=30m. Corresponding
gain for GREEDY is 10% and 13%. For high distance, e.g.,
D >90m, there is no need for nulling as both networks mutual
interference approach to zero.

B. Impact of optimization objective

Fig. 7 shows each network’s throughput achieved by
GREEDY under each nulling policy. We see that MaxSum
offers a very good balance between LTE-U and WiFi perfor-
mances: it achieves nonnegative gains at each network while
other two objective might result in one network to suffer. Fig. 8
shows a similar trend considering the channel access delay
of each network for LTE-U T,,,;=40ms. In Fig.8a, we also
observe the reduction in the channel access latency at the LTE-
U BS facilitated by nulling. For WiFi AP, channel access is
faster than that of LTE-U BS due to longer airtime of the
WiFi cell for this setting with N=8. Nevertheless, MaxWiFi
can decrease it even further toward zero. However, considering
the LTE-U network’s performance, we pick MaxSum as our
policy for GREEDY in the following analysis.

C. Impact of number of LTE-U BS antennas

Fig. 9 shows the impact of the number of LTE BS an-
tennas when the neighboring WiFi cell has 8 stations. Here,
we present the absolute throughput gain of the proposed
scheme over NoNull. Unsurprisingly, we observe in Fig. 9a
that the LTE-U throughput can be increased significantly
with larger number of antennas. This improvement is due

Distance between LTE BS and WiFi AP (m)
(b) WiFi throughput.
Optimization objectives, K=6, N = 8.

Distance between LTE BS and WiFi AP (m)
(b) WiFi channel access delay.
Fig. 8. Channel access delays , K=6, N = 8.

to both increased beamforming gain and the possibility to
steer multiple nulls. With increasing D, we first observe an
increasing throughput gain. In this region, the increase in
airtime due to more nulls outweighs the sacrificed antenna
diversity at the LTE-U cell. As we observed also in Fig. 9a,
with further increase in distance, the need for interference
nulling diminishes resulting in no throughput gain. For exam-
ple, for K=10, achieved gains are (26%,221%, 61%,20%, 1%)
for D=(10, 30, 50,70, 90) m.

From WiFi’s perspective, we observe a similar trend in
Fig. 9b. It has throughput gain in all cases for D <90m but
the gain is markedly lower compared to the LTE-U’s gain. In
Fig. 10, we show for D=30m the airtime and SNR under
NoNull and GREEDY for both LTE and WiFi. The figure
shows that the airtime increase in LTE is very significant
whereas there is also some decrease in the average SNR due to
the loss in antenna diversity. On the contrary, WiFi experiences
almost no change in its SNR and airtime.

D. Impact of number of WiFi users

Fig 11 shows the throughput gain of GREEDY over
NoNull with K=6 antennas at the LTE-U BS for various
number of users N and under increasing distance D. Re-
garding LTE-U cell, for short D, Fig. 11a shows that nulling
brings higher throughput gain for N. In this region, WiFi AP
senses the LTE-U BS. The only way to offer performance
improvement also to the WiFi is to null the WiFi AP. However,
WiFi stations, especially the ones in the near proximity of the
LTE-U BS, must also be nulled to facilitate interference-free
DL traffic at these stations. If LTE-U BS has enough antennas
to null all the nearby stations, the WiFi network will boost
its throughput as if there is no coexisting LTE-U network (as
observed in Fig.11b). Otherwise, i.e., case of many WiFi users,
LTE-U may prefer putting coexistence gaps only in the time
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domain. Our analysis on average number of nulled stations
and AP (see [20]) show that nulling the AP is preferred only
very rarely under higher N and short D.

On the other hand, with increasing D, the highest gain for
LTE-U is achieved under higher N. For low N and high D,
these few users might be far from the LTE-U BS resulting
in a lower probability of interference with these stations. For
higher N, the expected number of WiFi nodes in LTE-U’s ED
range is higher, resulting in a need for null steering.

Generally speaking, highest gain for WiFi is achieved when
there is a few stations only. These stations will be receiving
interference-free traffic mostly when LTE-U cell has sufficient
antennas to null them. As we observe in Fig.11b, WiFi also
has non-negative throughput gain under all cases, which proves
our claim that our proposal is beyond coexistence; it provides
benefits for the LTE-U and WiFi networks. Considering both
Fig. 9 and Fig. 11, our experiments suggest that interference
nulling provides the highest gains to both networks when
their separation distance is moderate, e.g., distances where one
network may be hidden to the other.

E. Discussions

One key consideration is transmission of uplink traffic from
the WiFi stations. While uplink data traffic can be postponed
to the LTE-U off-phase, control traffic must be carefully taken
care of. For example, TCP ACK packets should be sent timely
to avoid TCP misinterpreting the lack of acknowledgement.
We believe that recommended short duration of on-periods,
e.g., in the order of 20 msecs, avoids such undesirable impact.
Furthermore, delayed TCP ACK mechanism used for decreas-
ing ACK overhead can be enabled to postpone WiFi UL
control traffic, e.g., current Linux IP stack uses this option and
delays the ACKs by 40 msecs. Moreover, subframe punctures

NoNull and GREEDY for D = 30 m and K = 10.
Number above each box represents the mean value.

increasing LTE-U and WiFi separation distance
under various number of WiFi stations, K = 6.

every 20 msec are reserved for the purpose of latency-sensitive
WiFi traffic. A WiFi AP can operate in Hybrid Coordination
Function (HCF) mode and schedule the transmission of UL
traffic during these subframe punctures to ensure that TCP
acknowledgements are transmitted timely. On the MAC layer,
delayed block ACKs allow us to postpone WiFi station ACKs.

We have not provided any analysis on the overhead of
cooperation in our proposal. However, for quasi-static settings,
e.g., indoor scenarios where WiFi users have mostly very low
mobility, the entailed overhead will be very low. Moreover,
LTE-U BS can implement some schemes to decrease this
overhead, e.g., cache the WiFi information and estimate the
locations of the nodes if provided some statistics, e.g., about
node mobility. Finally, we considered single user MIMO to
be used at the LTE-U BS. In case of multi-user MIMO, the
sacrificed antenna diversity will be higher leading to a different
trade-off function between airtime and best number of nulls.
As a final note, we have discussed our proposal in the specific
case of LTE-U but interference-nulling can also be exploited
for Licensed-Assisted-Access (LAA) networks. In that case,
we will have a different airtime vs. antenna diversity tradeoff
as LAA does not implement CSAT but relies on LBT similar
to WiFi.

VII. RELATED WORK

We classify the literature on noncoordinated coexistence so-
lutions into two depending on where the coexistence solution
is implemented: the LTE-U and the WiFi network.
Interference management in the LTE-U network: LTE-U
manages its interference on neighboring WiFi networks by
creating coexistence gaps in frequency, time, or space domain.
Coexistence gaps in frequency: Similar to other spectrum
sharing scenarios, frequency-domain sharing is the first step



in coexistence of LTE-U and WiFi. An LTE-U BS seeks for
a clear channel to avoid impairing incumbent WiFi networks.
In [8], a co-existence scheme is proposed that deals with the
available channels of the unlicensed band as one pool. This
means that the LTE-U will switch between various channels
all the time to avoid the excessive use of one channel resulting
in coexistence gaps in frequency domain.

Coexistence gaps in time: A simple coexistence scheme reuses
the concept of almost blank subframes and subframe punctur-
ing in LTE-U to create coexistence gaps in time domain [6],
[7]. Works adapting LTE duty-cycle all are in this category.

Coexistence gaps in space: Coexistence can be achieved in
space domain, e.g., changing the transmission power to adapt
the interference region. Chaves et al. [9] proposed an LTE
UL power control with an interference-aware power operating
point which represents an alternative to the time-sharing ap-
proach for LTE-U/Wi-Fi coexistence. By a controlled decrease
of LTE-U UEs’ transmit powers, the interference caused
to neighboring Wi-Fi nodes diminishes, thus creating WiFi
transmission opportunities as WiFi nodes detect the channel
as vacant. Our work falls into this category as we also
create interference-free spaces in the WiFi cell. However, our
proposal differs from existing works in many ways, e.g., it
is coordinated coexistence exploiting the antenna resources
of LTE-U BSs to achieve both gains at the LTE-U and the
WiFi. The most relevant work to ours are [21] and [22]
which propose interference nulling for LTE/WiFi coexistence.
While [21] focuses on channel estimation and WiFi medium
access under LTE interference, our paper addresses the tradeoff
between airtime and data rate considering LTE-U’s dynamic
duty-cycling approach, i.e., CSAT, and we elaborate on how
to choose WiFi nodes for interference nulling. While [22]
proposes to schedule LTE UEs that are away from the WiFi
nodes, we focus on which and how many of the WiFi nodes
to be nulled under the given CSAT airtime fairness model.

Approaches which aim at increasing LTE-U airtime: There are
also some approaches which apply a mixture of solutions with
a goal to increase LTE-U’s airtime. Power control is one way
to decrease the interference range of the LTE-U BS and in
return increase its duty cycle. Another approach proposed in
[18] is to handover some of the WiFi users to the LTE-U cell so
that LTE can gain some airtime by effectively using its spectral
capacity to satisfy the transferred users’ traffic requirements.

Interference management in the WiFi network: Although
majority of the literature focuses on the LTE-U side, WiFi can
also be equipped with mechanisms to be aware of neighboring
LTE-U networks and strategize accordingly, e.g., move to
another channel. The only work in this category is WiPLUS [5]
which is a noncoordinated solution where interference mitiga-
tion is performed solely by the WiFi network via sophisticated
NIC state analysis and mapping them to the LTE activity and
hence being transparent to LTE-U.

VIII. CONCLUSIONS & FUTURE WORK

We have proposed a coordinated coexistence scheme for
WiFi and LTE-U networks where LTE-U BSs equipped with
multiple antennas create space-domain coexistence gaps via
cross-technology interference nulling towards co-located WiFi
nodes in the interference range. We provided algorithms to
compute the WiFi nodes to be nulled. Simulation results reveal
that proposed cooperation improves both the LTE-U and WiFi
capacity and enables faster channel access. As future work,
we plan to consider multiple antennas also at the WiFi AP.
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