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ABSTRACT

Given that full duplex (FD) and MIMO both employ multi-

ple antenna resources, an important question that arises is
how to make the choice between MIMO and FD?We show
that optimal performance requires a combination of both to
be used. Hence, we present the design and implementation
of MIDU, the rst MIMO full duplex system for wireless net-
works. MIDU employs antenna cancellation with symmetric
placement of transmit and receive antennas as its primary
RF cancellation technique. We show that MIDU's design
provides large amounts of self-interference cancellationwith
several key advantages: (i) It allows for two stages of addi-
tive antenna cancellation in tandem, to yield as high as 45
dB self-interference suppression; (ii) It can potentially elimi-
nate the need for other forms of analog cancellation, thereby
avoiding the need for variable attenuator and delays; (i) It
easily scales to MIMO systems, therefore enabling the coex-
istence of MIMO and full duplex.

We implemented MIDU on the WARP FPGA platform,
and evaluated its performance against half duplex (HD)-
MIMO. Our results reveal that, with the same number of
RF chains, MIDU can potentially double the throughput
achieved by half duplex MIMO in a single link; and provide
median gains of at least 20% even in single cell scenarios,
where full duplex encounters inter-client interference. B ased
on key insights from our results, we also highlight how to
e ciently enable scheduling for a MIDU node.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks
Architecture and Design|

]: Network
Wireless Communication

General Terms
Design, Experimentation, Measurement, Performance

Keywords
Full Duplex, Multi-User MIMO

Permission to make digital or hard copies of all or part o tvork for

personal or classroom use is granted without fee providatdbpies are
not made or distributed for pro t or commercial advantagel #mat copies
bear this notice and the full citation on the rst page. Togotherwise, to
republish, to post on servers or to redistribute to listguies prior speci ¢
permission and/or a fee.

MobiCom'12,August 22—-26, 2012, Istanbul, Turkey.

Copyright 2012 ACM 978-1-4503-1159-5/12/08 ...$15.00.

1. INTRODUCTION

A full duplex wireless device is one that can transmit and
receive at the same time in the same frequency band, and
typically it requires at least one Tx and one Rx antenna.
The key challenge in realizing such a device lies in the self-
interference (SI) generated by the Tx antenna at the Rx
antenna. As an example, consider a Wi-Fi signal with a
transmit power of 20 dBm. A Tx{Rx antenna separation
of about 6{8 inches results in a path loss of about 40 dBm
(depending on channel characteristics), resulting in a self-
interference of at least -20 dBm. With a noise oor around
-93 dBm, one would further require a self-interference can-
cellation of at least 73 dB to be able to decode the desired
received signal. While one can solely employ digital inter-
ference cancellation techniques, current ADC's do not have
a resolution to pass a received signal that is 73 dB less than
the noise oor. Hence, several practical full duplex (FD)
systems [7, 8, 13] have been proposed that couple RF cancel-
lation along with digital cancellation to achieve the desir ed
level of S| suppression.

RF cancellation may include a combination of antenna
cancellation and analog cancellation. In [7], antenna cancel-
lation was achieved by placing two Tx antennas asymmet-
rically at * and * + » distance from the Rx antenna. This
allows the transmit signals to add  out of phase and hence
cancel each other. On the other hand, analog cancellation
involves the generation of a phase shift internally, coupled
with the estimation and compensation of the Sl channel [8,
13]. This allows for phase shifters with a better frequency
response over a wide-band channel (e.g., BALUN in [13]) to
be employed, in contrast to the strong dependence on fre-
quency ( ) posed by the antenna cancellation in [7]. While
the existing schemes employ at least two antennas, one can
also envision FD with a single antenna [14], where a circu-
lator is used to isolate the Tx and Rx signals. However,
owing to the lack of both path loss attenuation and RF can-
cellation, the required level of Sl cancellation is signi ¢ antly
higher and hence hard to realize.

Given that at least 2 antennas are needed for a practi-
cal implementation of FD at Wi-Fi Tx power, an alternate
approach would be to employ the multiple antennas as in
half duplex (HD)-MIMO to increase the link capacity. With
next generation wireless devices (access points, base sta-
tions, etc.) equipped with multiple antennas (often more
than two), it is both timely and important to understand
how to best employ the available spatial degrees of freedom
(antennas). When comparing FD with MIMO, we consider
two models that are of practical interest{ antenna conserved



(AC) and RF chain conserved (RC). While the AC model al-
lows for FD to be realized in legacy MIMO nodes (# Tx/Rx

chains = # antennas), the RC model allows for nodes that
are designed with full duplex in mind (# Tx/Rx chains

# antennas). We show that the relative merits of FD and
MIMO di er signi cantly depending on the model consid-

ered.

However, irrespective of the model considered, it turns
out that there are several scenarios where the best strategy
is not MIMO or FD in isolation but a combination of both.
This in turn brings us to the next question as to how to
e ectively realize a joint MIMO+FD system?

We observe that the existing antenna cancellation [7] and
analog cancellation [13] approaches cannot be readily ex-
tended to MIMO systems. Although one might envision
an extension of [7] using two Tx and one Rx antenna for
every transmitted/received MIMO stream, this would re-
quire antennas to be placed such that each of the Tx pairs
(for each stream) lead to Sl signals that are 180° out of
phase at every Rx antenna, which is hard to realize. On the
other hand, analog cancellation in [13], when extended to N
stream MIMO, requires one to estimate the self-interference
channel between every pair of N2 Tx{Rx antennas. This in
turn results in the use of N? variable delays and attenua-
tors, each of which has to be auto-tuned to track the N2 SI
channels, which is hardly practical, speci cally in freque ncy
selective wide-band channels.

In addressing the above challenges, we design and proto-
type MIDU * { a node with joint MIMO and (full) DUplexing
capabilities. MIDU employs antenna cancellation with sym-
metric placement of antennas as its primary RF cancellation
technique. Speci cally, for a single stream transmission, it
employs antenna cancellation with a symmetric placement
of either two Rx antennas and one Tx antenna (which we
refer to as Rx antenna cancellation), or in a dual manner,
two Tx antennas and one Rx antenna (which we refer to as
Tx antenna cancellation). In addition to avoiding the short -
comings of asymmetric antenna cancellation [7], we show
that such a design provides large amounts of Sl cancellation
with several key advantages:

It allows for a two-level design, whereby Tx antenna can-
cellation is followed by Rx antenna cancellation. Using
antenna cancellation theory, we show that such a design
has the potential to double the antenna cancellation gains
because of its additive nature.

It potentially eliminates the need for any other form of
analog cancellation, which seems limited in practice due
to the need for variable attenuators and delay elements
and its subsequent lack of scalability to MIMO systems.
More importantly, it scales very easily to MIMO systems,
thereby enabling the co-existence of MIMO with FD.

We have prototyped MIDU on WARP radios [2] fora3 3
narrow-band MIMO + FD system. Brie y, our experiments
reveal that each level of antenna cancellation can contribute
to 25{30 dB of Sl suppression, while their combination can
yield up to 45 dB of suppression, thereby eliminating the de-
pendence on analog cancellation. Coupled with 25{30 dB of
S| suppression from digital cancellation techniques as in [11,
13, 16], MIDU can enable FD for Wi-Fi transmit powers.
We also evaluate the performance of MIDU as a relay be-
tween two hidden nodes and as an access point (AP) serving

Ypronounced as \MyDu"

multiple single antenna clients. For each of these schemes,
we compare the performance of MIDU against half duplex
MIMO (or MU-MIMO). Our results reveal that MIDU in-
creases relay capacity up to 80%, and even in the presence
of uplink-downlink interference in single cells, increases the
median capacity by at least 20%.

Finally, we highlight the implications of a MIDU node on
the design of the MAC itself. While the design of a scheduler
(MAC) for single cell MU-MIMO (including client selection
and precoding) is challenging in its own right, extending it
to a MIDU system takes it to another level { spatial degrees
of freedom now have to be carefully split between down-
link and uplink for FD, with client selection and precoding
jointly addressed for MU-MIMO in each direction. Since
the search space for the problem is very large, we use key
insights from analysis and experimental data to identify re -
gions of pronounced FD gains, and hence provide guidelines
for an e cient scheduling strategy with a tractable search
space.

In summary, we are driven in this paper by three questions
concerning full duplex MIMO: s it feasible? Is it scalable?
What are the tradeo s with half duplex MIMO? In address-
ing these questions, we make the following contributions:

Designed MIDU, a system that can enable both MIMO
and FD in tandem.

Enabled two stages of antenna cancellation with additive
gains to yield as much as 45 dB suppression, thereby
alleviating the dependence on analog cancellation and Sl
channel estimation.

Built a prototype of MIDU and showcased the additive
bene ts of its two level cancellation as well as joint op-
eration of 3 3 MIMO + FD in practice.

Provided guidelines for the design of an e cient MAC
for single cells employing MIDU nodes.

The next section describes the related work. The joint
merits of FD and MIMO are discussed in the following sec-
tion. Thereafter, we present the design of MIDU, perfor-
mance evaluation, guidelines on scheduling, discussionsand
nally, the concluding remarks.

2. RELATED WORK

Full Duplex. Recent work has proposed several tech-
niques to enable FD at Wi-Fi transmit powers [7, 8, 13].
Fig. 1(b) shows the various components of a FD system that
contribute to Sl suppression, namely: antenna cancellation,
analog cancellation, and digital cancellation.

Antenna cancellation arranges Tx and Rx antennas in
such a way that Sl is reduced at the Rx antenna. While
[7] employed asymmetric placement of Tx antennas to gen-
erate a phase shift between the transmitted signals at the
RX, [9] employed directional Tx antennas that place a null
at the Rx antenna. For a MIMO capable FD node, antenna
placement must cancel Sl at all of the receiving antennas,
which is hard to realize in the proposed schemes.

Analog cancellation requires knowledge of the Sl channel
to create a copy of the Sl signal in the RF domain and can-
cel it before the signal is digitized. While [16] uses a noise
canceler chip for the purpose to achieve about 20-25 dB of
Sl suppression, [13] employs a combination of BALUN (bal-
anced to unbalanced) transformer (to generate a negative
copy of transmit signal) and variable delay and attenuators



$96,%%68H#08962, " &A(Y0t ‘;g ﬂﬂL’Z' H';'mge "Ff)'nz::'
:8; #L 189, 89, T)}:RFj TXRF_" TX RF
Chain Chain Chain
— - C I ‘r( RngJ_Y RXI}FI
o&f/?g%'gj(o #5980 @@’ Fo | el chaln [y
o | |
B | | ey

/5)568&# 1304
08&%2,"&4(%s#
1,2(.,3# 1%2(.,3#

Same # Antennas Same # RF Chains
1 |

Figure 1: (a) FD Architecture, (b) Comparison Model.

(to track the Sl channel), to yield a Sl suppression of 25{30
dB in practice. In [8], a pseudo analog cancellation tech-
nique is introduced, in which an additional RF chain creates
a canceling signal in RF from a digital estimate of Sl in the
base band, removing 35 dB of SI.

All these schemes require an estimation of Sl channel be-
tween a Tx and Rx antenna, which becomes a scalability
bottleneck for MIMO systems with FD.

Digital cancellation utilizes the digital samples of the trans-
mitted signal in the digital domain and subtracts them from
the received samples, removing up to 25 dB of SI [11, 12, 13].
However, the pseudo analog cancellation approach adopted
in [8] limits the additional suppression from digital cance I-
lation to only 4{5 dB. This restricts its total cancellation to
less than 39 dB, limiting its applicability to small{medium
range communications only.

While MIDU can also bene t from digital cancellation (as
in [11, 12, 13]), in contrast to the above works, the large
potential for SI suppression from MIDU's antenna cancella-
tion (albeit complementary to existing schemes), allows it
to break away from the dependence on analog cancellation.
This allows MIDU to easily scale to MIMO systems.

MIMO. In single user MIMO (SU-MIMO) systems (e.g.,
802.11n [4] and BLAST [10]), the capacity of a point-to-
point communication link is (theoretically) expected to sc ale
with the number of antennas at the Tx and Rx (say N).
However, in practice, the number of antennas at a base sta-
tion or access point (N) is much more than those at the
clients (n), limiting the performance of SU-MIMO to scale
only with n. Multi-User MIMO (MU-MIMO) can be em-
ployed to overcome the limitation in such scenarios. Recent
work [6, 17] has implemented MU-MIMO schemes, in which
an AP can communicate with a number of clients simulta-
neously by utilizing the antennas that belong to a group of
clients. As a baseline for comparison, we compare the per-
formance of MIDU against such half duplex (HD)-MIMO
schemes.

3. MIMO OR FD, OR BOTH?

To understand why we need a combination of MIMO and
FD, we need to study the relative merits of FD and MIMO.
While our primary focus is on performance, hardware com-
plexity must also be taken into account for a fair comparison .
We de ne two models that are of practical interest. antenna
conserved (AC) and RF chain conserved (RC) models. The
models are de ned with respect to a legacy MIMO node as
shown in Fig. 1 (b), where each antenna is associated with a
pair of Tx and Rx RF chains, and are both important from
di erent perspectives.

AC Model : Here, the node employing FD has the same
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suppression, (b) Sl suppression loss: 6 dB.

number of antennas (and RF chain pairs) as the legacy
MIMO node and hence represents the case where FD is en-
abled directly on legacy MIMO nodes. Hence, when FD is
enabled, depending on the split of antennas between down-
link and uplink, a mix of Tx and Rx RF chains will be
utilized in the FD mode. The total number of streams in
FD (including both uplink and downlink) is the same as that

in MIMO (either downlink or uplink). However, the full po-
tential of FD is not leveraged in this case (half of the RF
chains are not used as shown in Fig. 1(b)).

RC Model : Here, the node employing FD has more an-
tennas than the number of RF chain pairs. Note that in
HD-MIMO nodes, due to the half duplex nature, only half
the number of RF chains (Tx or Rx) can be used in any
transmission. However, this is not the case with FD, where
all the RF chains can be e ectively used as long as there
are su cient number of antennas available. For example,
compared to a two antenna MIMO node supported by two
pairs of Tx{Rx RF chains and capable of sending (or receiv-
ing) two streams, a corresponding FD node can use all the
four RF chains through four antennas to send and receive
two streams simultaneously. On the other hand, having the
additional antennas on the legacy MIMO node would only
contribute to diversity.

Note that the processing complexity of a transceiver lies
predominantly in its RF chains and not its passive antennas.
Hence, adding more antennas, while an issue forform factor
and hence mobile devices, is not an obstacle for base statios
and access points, which is where we expect FD to be pre-
dominantly employed. Therefore, when a node is designed
taking FD into account, one can provision it with more pas-
sive antennas than the number of RF chains to leverage the
potential of FD, which in turn is captured by the RC model.

3.1 FD vs MIMO Performance

Note that when a node has multiple antennas and em-
ploys more than two streams, FD by de nition refers to a
combination of FD and MIMO. This is because, while the
available antennas can be split between downlink and up-
link in FD, one would still need to employ MIMO within
the available number of antennas in each direction to max-
imize the number of streams. Hence, the actual question
that we are interested in understanding here is that, given a
set of antennas and RF chains, should one consider splitting
the antennas between downlink and uplink through FD (with
MIMO within each direction), or should one directly employ
all the antennas solely towards MIMO in just one direction?

To address this question, we contrast the performance of



FD-MIMO vs. HD-MIMO in a single link by comparing
their respective capacities under both the AC and RC mod-
els. We also consider both perfect Sl cancellation at the FD
node, as well as when there is a remaining Sl of 6 dB. We
also incorporate the correlation between antenna elements
on a node () that arises in practice and in uences MIMO
performance ( = 1 indicates perfect correlation). The re-
sults are presented in Fig. 2 as a function of the number
of antennas in the HD-MIMO mode (corresponding to the
same number of antennas in the AC model and half of the
antennas in the RC model) at either ends of the link, as well
as the antenna correlation factor and FD Sl suppression.
Two key observations can be made.

In the AC model, even small antenna correlations ( =
0:01) saturates MIMO performance with increasing an-
tennas. Hence, while FD does not have an advantage
over MIMO theoretically in terms of number of stream
transmissions, in practice with good S| suppression ca-
pability, it can deliver better performance even with a
moderate number of antennas (about 4-6 in Fig. 2(a)).
However, with imperfect S| suppression (loss of 6dB),
such a transition happens at a higher number of anten-
nas (12 in Fig. 2(b)) unless the antenna correlation is
high.

In the RC model, there is an advantage for FD as it
has the potential to transmit twice as many streams
as MIMO. This, coupled with MIMO's saturating per-
formance, allows FD to deliver signi cant gains with a
strong Sl suppression capability (Fig. 2(a)). However,
even for a moderate Sl suppression capability (with a
loss of 6dB), gains can be observed, even for a moderate
number of antennas (two in Fig. 2(b)) at low antenna
correlations.

In summary, we nd that irrespective of the model con-
sidered, the use of available antenna resources towards a
combination of FD and MIMO is critical for optimal per-
formance. While the above comparison is with respect to a
single point-to-point link, applicable to scenarios invol ving
cellular backhaul links, mesh network links, relay links, e tc.,
we will also discuss the relative impact in single cell point -
to-multipoint scenarios in Section 5.4. We next detail how
to realize such a joint MIMO and FD node.

4. DESIGN OF MIDU

MIDU employs antenna cancellation achieved through sym-
metric antenna placement (SAP) as its primary RF cancel-
lation technique. We rst outline the rationale behind our
choice by identifying the advantages of SAP. Then, with the
help of antenna cancellation theory, we show how to enable
two levels of antenna cancellation (Tx and Rx antenna can-
cellation) with additive bene ts. Finally, we show how it
scales easily to incorporate MIMO, thereby completing the
design of MIDU.

4.1 Symmetric Antenna Placement

Our antenna cancellation approach is based on a sym-
metric placement of antennas. Figure 3(a) illustrates our
Rx antenna cancellation, where two Rx antennas are placed
symmetrically at a distance ° from the Tx antenna. The
signal received from one of the receive antennas is phase
shifted internally using a xed phase shifter before being

Figure 3:
cellation.

combined with the other receive signal to help nullify the
self-interference signal. Similar to Rx antenna cancellation,
we can also have an analogous Tx antenna cancellation as
shown in Fig. 3(b).

While the basic antenna con guration for cancellation is
simple, we now highlight its signi cant potential to not onl 'y
address the limitations of existing FD schemes, but also to
allow for two levels of antenna cancellation and to leverage
MIMO in tandem. Compared to the transmit antenna can-
cellation in [7], where the phase shift was realized with
asymmetric placement of Tx antennas (" and * + 5), SAP
has the following advantages:

(a) Receive Cancellation, (b) Transmit Can-

Bandwidth Dependence: Moving the phase shift inter-
nally alleviates the bandwidth dependence (due to ) of
asymmetric antenna placement. Further, xed phase
shifters have signi cantly better frequency responses over
wide bandwidths compared to variable ones.

Tuning: Since the received powers are similar, this avoids
the need for tuning of the attenuation and phase of the
self-interference signal, which are otherwise required to
counteract the power di erence due to asymmetric an-
tenna placement.

Scalability: Symmetric antenna placement allows for easy
realization of several null points, therefore scaling to Ml MO
systems. Further, when compared with schemes such as
[13] that do not consider antenna cancellation, SAP does
not require an estimation of the S| channel between every
pair of Tx and Rx antennas, which becomes a scalability
issue for MIMO systems.

One limitation that was raised in [7] with respect to sym-
metric antenna placement, is its potential destructive imp act
on the far- eld. However, the simulations used to highlight
this observation used a free space path loss model. Note
that while the S| channel can be modeled as free space, it is
well known [18] that the far- eld channels (indoors or out-
doors) from the transmit antennas experience independent
fading at any far- eld receive point with su cient separati  on
(greater than  which is 12.5 cm at 2.4 GHz) between the
transmitting antennas (also validated in our experiments i n
Section 5.2). Hence, asymmetric antenna spacing does not
provide an advantage over a symmetric placement with re-
spect to impact on far- eld. An analogous argument holds
for signals received from far- eld.

4.2 Understanding Antenna cancellation

To leverage antenna cancellation e ectively, it is impor-
tant to understand the notion of signal nulling. A signal is
said to be \nulled" when two copies of the signal add  out
of phase to cancel each other, thereby pushing the received
signal strength to or below the noise oor. Let us consider
transmit antenna cancellation for explaining the concepts .



Figure 4. Loci of Null Points: (a) Phase O set + An-
tenna Spacing, (b) Only Antenna Spacing.

There are two parameters a ecting the nulling process: rel-
ative phase and amplitude of the transmitted signals at the
receiver. The relative phase between the two signals could
be further controlled either by directly introducing a phas e
o set () to one of the signals and/or by varying the relative
distance between the transmit antennas with respect to the
receive antenna.

Let d; be the distance between the two Tx antennas, with
d1 and d> denoting the distance of the two transmit anten-
nas with respect to a receive point, respectively. First, we
consider the set of potential receive null points, when there
is a phase oset = . Whether these null points can be
realized in turn depends on the relative amplitude of the sig -
nals as well, which is discussed subsequently. Now the set of
potential null points in a two-dimensional plane can be de-
ned as the locus of the points satisfying jdi dzj = k , for
some integerk, and includes the following (see Fig. 4(a)).

The Perpendicular Bisector (PB) of the line joining the
transmit antennas (i.e. di = dz = %1).

A set of hyperbolas with the transmit antennas as the
focal points. Each hyperbola intersects the line connect-
ing the two transmit antennas at points that are kT
k2 2Z,; 1from the mid-point towards either one of
the transmit antennas.

If d¢ = m , in addition to the above points, all points
on the line passing through the two transmit antennas,
besides those lying in between them, also contribute to
the set of potential null points.

To understand scenarios where the relative phase is con-
trolled only with just the help of antenna spacing (i.e., pha se
o set, = 0), we note that the locus of the potential null
points is now de ned as those satisfying jdi  dzj = &30
and consist of (see Fig. 4(b)),

A set of hyperbolas with the transmit antennas as the
focal points. Each hyperbola intersects the line connect-
ing the two transmit antennas at points that are  #<D__,
k2ZzZ,; 1, from the mid-point towards either one of
the transmit antennas.

If d = @D in addition to the above points, all
points on the line passing through the two transmit an-
tennas, besides those lying in between them, also con-
tribute to the set of potential null points.

Now for a potential null point to be realized, the two trans-
mit signals must arrive at the receive point with equal am-
plitude but  out of phase. Due to symmetry, this can be
easily achieved on the PB with an equal transmit power
from the two transmit antennas. Hence, all null points on

the PB are realizable. However, for a null point on a hyper-
bola, it is easy to see that di erent transmit powers will be
required from the two transmit antennas. Further, this will
vary from one point to another on the same hyperbola as
well as across hyperbolas. Hence, for xed (and potentially
di erent) transmit powers from the two transmit antennas,
at most two null points on each hyperbola may be realiz-
able. Note that we do not have null points on the PB when

6 . Given that the null points on the hyperbolas are
hard to realize, this limits the applicability of asymmetri c¢
antenna spacing based approaches (e.g., [7]) to two level an
tenna cancellation. This limitation is compounded in the
case of MIMO. This important property of realizing null
points on the PB, when transmit signals are phase shifted
by , is leveraged for two purposes: (1) extend the trans-
mit antenna cancellation to a two-level transmit and receiv e
antenna cancellation scheme, and (2) to realize FD commu-
nication together with MIMO.

4.3 Two Level Antenna cancellation

Given that the above properties of transmit antenna can-
cellation analogously apply to receive cancellation as wel,
we can easily extend our proposed scheme to employ two
stages (transmit and receive) of antenna cancellation in tan-
dem. In the rst stage two transmit antennas transmit at
equal power and out of phase signals that destructively
interfere at any point on the PB of the transmit antennas.
Now, place two Rx antennas symmetrically on the PB of
the transmit antennas as shown in Fig. 5(a), such that the
Tx and Rx sets of antennas are on each other's PB. While
the transmit signals add destructively at each Rx antenna,
the signals received from the two Rx antennas are further
combined 180 degrees out of phase to provide the second
level of antenna cancellation. Although four antennas are
employed to achieve two levels of antenna cancellation, the
number of RF chains used is still only two (one for forward
and another for reverse streams).

The isolation (in dB) achieved by these two stages of can-
cellation are additive in theory, although in practice the ¢ an-
cellations might not be perfectly additive. In fact underid eal
conditions even a one stage cancellation should provide a
perfect null. However, gain imbalance or a slight phase o -
set between the signals may prevent one from achieving a
perfect null, wherein a residue of the self-interference sgnal
remains. We can now establish the following property.

Property 1. Under small gain imbalance and/or phase
o set (from imprecise antenna placement or imperfect RF
devices) between the transmit and receive cancellation pals,
the self-interference cancellation provided by two levels of
antenna cancellation are additive (in dB scale).

For details refer to [3].

4.4 Scaling to MIMO systems

Realizing null points on a straight line is critical because it
facilitates the design of MIMO transmit and receive antenna
arrays. Hence, our proposed two-level antenna cancellation
solution based on phase o set can be readily extended to
MIMO systems by using standard linear antenna array con-
gurations. In particular, to generate an N M MIMO
+ FD system, we start by placing two sets of antennas (N
transmit and M receive) on two perpendicular axis to allow
for N M MIMO (in each direction of FD) as shown in Fig.
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Figure 5: (a) 2-Level cancellation, (b) MIMO.

5(b) where (N;M ) = (3;3). Then, to enable this N M
system with full duplex, we use an equal number of transmit
(N) and receive (M) canceling antennas and place them in
a symmetric position on the opposite side of their respective
axis. The MIMO transmit streams from the N transmit and
their respective canceling antennas will add out of phase at
each of the receive antennas in the rst stage of cancellation.
The composite received signals at each of theM receive an-
tennas are then further combined out of phase with their
respective canceling antennas to provide the second level &
cancellation. It is worth pointing out that only such sym-
metric antenna con gurations can be extended to generic
MIMO systems without the need for variable attenuators
and delay elements. Again note that, while 2(N + M) an-
tennas are employed for achieving two levels of antenna can-
cellation with FD, the total number of RF chains required
is only N + M, which is the minimum required to enable
N M HD-MIMO communication in either direction. Fig.
5(b) shows the antenna structure for a 3 3 MIMO + FD
node.

To summarize, the key aspect in MIDU's design is its
symmetric antenna placement for antenna cancellation that
not only provides two levels of additive RF cancellation,
thereby alleviating the dependence on analog cancellation,
but also realizes it through a structure that scales seamlessly
to MIMO systems.

@

5. IMPLEMENTATION AND EXPERIMEN-
TAL EVALUATION

In this section we provide experimental results on the per-
formance of MIDU. We rst perform extensive channel mea-
surements to verify some of the assumptions in the design
of MIDU. Next, we evaluate the cancellation design by mea-
suring the amount of self-interference cancellation for each
of the two levels of antenna cancellation and for the case
when the two levels are combined. Finally, we compare the
performance of MIDU to an equivalent half duplex MIMO
system.

5.1 Measurement Setup

We performed channel measurement experiments using
the WARP Vertex-4 FPGA boards. Our implementation is
based on the WARPLab framework [2]. In this framework,
all WARP boards are connected to a host PC through an
Ethernet switch. The host PC is responsible for baseband
PHY signal processing, while WARP boards act as RF front-
ends to send/receive packets over the air. Since the base-
band processing is performed in MATLAB, there is a 50 ms
delay between consecutive transmissions.

We construct an access point (AP) in an indoor open space
(low multi-path) environment. There is a distance of at leas t
20 m between our setup and the nearest wall. We mount our
antennas on a wooden board, which itself is at the height
of approximately 1.8 m from the earth surface. The carrier
frequency was centered at 2.484 GHz (2.4 GHz, channel 14),
and we implemented a single subcarrier narrowband system
with a bandwidth of 625 KHz . We used 2.4 GHz 3dBi
dipole antennas. We discuss the implications of rich scat-
tering environment, wider bandwidths and antenna type in
Section 7. In our experiments we construct 100-bit pack-
ets, and use the BPSK modulation scheme. The beginning
of each packet is augmented with a preamble header. Each
preamble is composed of training samples and an appropri-
ate pilot tone for channel estimation between a transmitter
and the receiver.

5.2 MIDU Feasibility

Three assumptions are critical in order for our full duplex
system to work e ectively: (i) Channel between a Tx and
Rx antenna is only dependent on the distance between the
two in the near eld; (ii) Channel symmetry is stable over
time; (iii) Symmetric antenna placement does not create
nulls in the far- eld. We now proceed to verify each of these
assumptions.

The channel between a Tx and Rx antenna is only
dependent on the distance between the two in the
near eld. The rstassumption implies that an Rx antenna
with similar distances from two Tx antennas would observe
channels with equal amplitude and phase. This allows us to
realize several null points in the BP of the two Tx antennas
through the use of a  phase shifter, and thus enable MIMO.

We mount two antennas on our AP. The two antennas
are attached to a rod with adjustable distance. We x the
two Tx and Rx antennas at a distance of 40 cm and send
40 back-to-back packets and measure the average channel
(amplitude and phase) across all the packets.

Once the channel measurements are taken, we rotate the
rod (with Tx and Rx antennas still attached to it) on a circle
around the Rx antenna, and perform the same experiment
at 7 other locations. These locations are shown as 8 dark
squares on the circle around the Rx as shown in the picture
of Fig. 6(a). Once these measurements are taken, we perform
the same experiment on 3 more circles around the Rx by
increasing the distance between the Tx and Rx antennas.

For each circle, we calculate the average and standard de-
viation of the average channelsmeasured over the 8 selected
points. Fig. 6(b) depicts the corresponding results. For al |
the circles, standard deviation of gain is less than 1%. Sim-
ilarly, the standard deviation of phase is around 2 out of
360 . The results in Table 6(b) conrm that in an open-
space environment, the near eld channel is dependent only
on the distance between the transmitter and receiver.

Symmetry stability over time. We now measure the
amount of variation in the self-interference channel betwe en
two Tx and two Rx antennas over time. While in the design
of MIDU two TX(RX) antenna pairs are connected to only
one TX(RF) chain, such a setup would not allow us to mea-
sure all of the four self-interference channels simultaneausly.
Therefore, for benchmarking, we perform an experiment in
which we connect each antenna to a separate RF chain. We
next construct a preamble header in which the training sam-
ples are followed by two non-interfering pilot tones for cor -
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rect channel estimation between all of the Tx and Rx pairs.
Fig. 6(c) shows our experiment's setup. We next store the
packet with the modi ed preamble in the two Tx RF chains,
and send the same packet continuously for a duration of ten
minutes. For each packet transmission, we measure the four
self-interference channels f;, i = 1...4).

Fig. 6(d) presents the stability results among the Sl chan-
nels by measuring the variation of each Sl channel (h;) and
the ratio between them. Fig. 6(d) shows that each Sl chan-
nel observes small variations (less than 1% for both phase
and gain). This is intuitive as the two antennas are xed at a
close distance. Fig. 6(d) further reveals that the variatio n in
phase di erence between two Sl channels is less than 0.3%,
implying that when the two transmissions are synchronized,
the channel observed is even more stable.

Impact of symmetric antenna placement on the
far- eld clients. We have performed experiments to verify
that symmetric antenna placement at the Rx or Tx would
not cause severe reduction in SNR at far- eld locations. We
observed similar results with Rx cancellation, thus here we
only present the results with Tx cancellation. We perform
an experiment in which an Rx client moves in two di er-
ent circles around the AP with a distance of 10m and 3m
from the AP respectively. In each circle, the client perform s
SNR measurements at 10 di erent equally spaced locations.
In each location, the AP rst transmits ten packets using a
single antenna. Next, we change the antenna con guration
by pairing the original antenna with a canceling transmit
antenna (consisting of a transmit antenna and a 180 phase
shifter). In this setup, the canceling antenna is at a dis-
tance of 40 cm from the rst antenna, and the two Tx pairs
are able to cancel 25 dB of Sl for a carefully placed Rx an-
tenna on the AP (discussed more in the next section). We
repeat the experiment by sending ten back-to-back packets
and measuring the SNR at the client's location. The exper-
iment is repeated for all the 20 client locations.

Fig. 7(d) compares the received SNR for the two antenna
con guration schemes. It shows that the achieved SNR can
be up to 4 dB lower than the single antenna scheme. How-
ever, Fig. 7(d) also shows that Tx cancellation's achieved
SNR can be up to 4 dB higher than the single antenna
scheme. Note that Tx cancellation uses two antennas for
transmission. If the second antenna used by Tx cancellation
has a higher gain than the rst antenna, the combined e ect
can even increase the SNR. Fig. 7(d) con rms that there is
no particular correspondence to increase/decrease in SNR,
as one would expect from far- eld fading [18].

5.3 Self-Interference Cancellation Evaluation

We now investigate MIDU's Sl cancellation performance
for Tx cancellation and Rx cancellation separately, as well

(a) h-dist measurement setup, (b) h-dist variation results, (c)
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as when the two levels of cancellation are combined. Finally,
we measure the amount of cancellation when more than one
Tx pair is active.

Cancellation over wire. Prior to our over-the-air mea-
surements, we rst verify if a commercial phase shifter can
cancel two equal signals over wires. For the transmit sig-
nal, we used the Agilent MXG vector signal generator that
creates a sinusoid signal at the 2.4 GHz center frequency.
The signal was passed through a splitter; one of the result-
ing copies was next passed through our phase shifter; and
then the two paths were combined using a combiner. The
output of the combiner is next connected to an Agilent CSA
spectrum analyzer to observe the received signal power. In
this setup, we observed that for a 0 dBm transmitted sig-
nal power, one level of cancellation was able to achieve 35
dB of cancellation. We next employed two phase shifters in
our system (one on each path), with one set to 0 and the
other set to 180 of phase shift. With this setup we were
able to cancel 90 dB of self-interference. This implies that
using a phase shifter on each path is necessary to maintain
the correct symmetry and account for phase shifter induced
insertion loss and delay.

Wireless experiment setup. We use the antenna con-
guration setup depicted in Fig. 5(b). There are 6 transmit
antennas symmetrically placed on a straight line, and 6 Rx
antennas on the bisector perpendicular. The distance be-
tween T:T? is set to 40 cm, and the same distance is set
between R;R?. The rest of the antennas are placed at 20
cm distance from the adjacent antennas. Each antenna pair
is further connected to two phase shifters, with phase shifter
values set to 0 and 180 , respectively. The 6 Tx antennas
and the 6 Rx antennas are connected to 3 Tx RF chains
and 3 Rx RF chains, respectively. We use the WARPLab
experimental setup of Section 5. However, now we set the
transmitting RF chains in a continuous transmission mode
for a duration of 10 sec, in order to correctly measure the re-
ceived signal power on the spectrum analyzer. In continuous
transmission mode, a transmitting WARP board continu-
ously transmits the same packet without any delay between
back to back packets.

Transmit Cancellation. In this experiment, we set
the transmit antenna pair xed as T.TP, and measure the
amount of transmit self-interference cancellation at each of
the 6 receive antennas as a function of transmit power. Specf-
ically, for each Rx antenna we rst measure the Rx signal
strength when only T; is active. Next, we measure the re-
ceived signal strength on the spectrum analyzer when both
T: and T; are active simultaneously. We repeat this set of
measurements by varying the transmit power from -5 to 15
dBm, and for each of the 6 Rx antennas.

Fig. 7(a) shows the amount of Tx cancellation for each of
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the Rx antennas as a function of transmit power. We ob-
serve that a one level Tx cancellation results in 22{30 dB
of self-interference cancellation for each of the Rx anten-
nas. Similar Tx cancellation results were also observed in
[7]. We further observe that the cancellation results remai n
relatively at across di erent transmit powers, suggestin g
that the amount of cancellation does not depend on the Tx
power but on the precise placement of the Tx and Rx an-
tennas.

Receive Cancellation. In this experiment, we x the
receiving antenna pair as R1R?, and measure the amount of
receive Sl cancellation for each of the transmitting antenn as.
Since we observed in Fig. 7(a) that the amount of cancella-
tion does not depend on the transmit power, we use a xed
transmit power of 15 dBm. We rst measure the received
sighal power when only R; is connected to the spectrum
analyzer. Next we measure the received signal power when
R: and R? are combined. We calculate the amount of Rx
cancellation by subtracting the two values. The experiment
is repeated for each of the Tx antennas.

Fig. 7(b) shows the measured Rx cancellation values. Sim-
ilar to Tx cancellation results of Fig. 7(a), we observe that
one level Rx cancellation can provide cancellation values be-
tween 20 to 30 dB. We also observe that although cancella-
tion measurements are performed at di erent time instants,
symmetric transmitting antennas observe almost similar ca n-
cellation values.

2-Level and MIMO cancellation. We now perform
experiments to validate if the two levels of cancellations are
additive, and further measure the cancellation results when
more than one Tx antenna pair is transmitting (i.e., MIMO).
We measure the 2-Level cancellation results, by measuring
the resulting amount of cancellation for each T; T°R; R? com-
bination. We measure MIMO cancellation by activating all
transmit antennas while using RiR? for i = 1... 3 (i.e., 3x1
MIMO). MIMO cancellation results in Fig. 7(c) are shown
asTal Ri Rio.

Fig. 7(c) shows the 2-Level and MIMO cancellation re-
sults. The x-axis in Fig. 7(c) is the i variable, denoting the
receiving antenna pair for both 2-Level and MIMO cancel-
lation. Fig. 7(c) reveals that the 2-Level combination can
provide up to 45 dB of cancellation. This in turn veri es that
Rx cancellation after Tx cancellation provides additive can-
cellation gains. Fig. 7(c) also shows that when all three an-
tenna pairs are active, the 2-Level cancellation gains reduce
by up to 5 dB. Note that if the second active antenna pair
makes interference levels equal to the noise power atR;RY,
the resulting observed cancellation at R;R? would decrease
by 3 dB. In order for T,T2s addition to have no impact on
RiR?, the resulting interference should be far lower than the
noise power. Further, note that while one additional trans-

mit pair can cause 3{4 dB of additional interference, with
2 additional transmit pairs the observed reduction is 5 dB.
This implies that each additional transmit pair would only
slightly reduce the amount of self-interference cancellation.

5.4 Comparing MIDU with MIMO

In this section we compare the performance of HD-MIMO
and MIDU systems in a relay architecture, and a point-
to-multipoint (PtMP) single-cell architecture. In the re-
lay setup, all nodes are MIMO capable. In the point-to-
multipoint architecture, the AP has multiple antennas, whe reas
the clients each have a single antenna. We rst consider the
RC model in which both MIDU and HD-MIMO have the
same number of TX/Rx RF chains, before turning to the
AC model in Section 5.4.2.

5.4.1 Relay Architecture

We rst consider a setup in which a HD-MIMO node ( N3)
acts as a relay between two hidden HD-MIMO nodes (N1
and N3). Fig. 8(a) depicts our experiment setup. We next
consider the case in which the relay node (AP) is a MIDU
node. Note that when a MIDU node is considered as a relay,
N1 and N3 can be active simultaneously (with one transmit-
ting and the other node receiving). Thus, the architecture
would be similar to a Point-to-Point (PtP) MIDU link with
zero self-interference at the second node.

Performance Metric. We use the signal to noise plus in-
terference ratio (SINR) observed by each receiving antenna,
or the corresponding Shannon capacity (C) as our perfor-
mance metric. For a PtP MIMO link with N Tx and N
Rx antennas, we measure the SINR for each receive antenna
and calculate the corresponding capacity. We calculate the
link capacity as the summation of per-antenna capacities.

For the HD-MIMO relay architecture, we assume a TDMA
scheme with an equal amount of time for each of the two
links of Fig. 8(a). Thus, the aggregate capacity of the HD-

HD MIMO CHD MIMO
MIMO system is equal to —%2 + —NaNs . When
a MIDU node is deployed as a relay, the two links can be
active at the same time. Thus, the aggregate capacity is
equal to CYIR% + CYIR, -

Note that the overall end to end throughput of a system
is dependent on the speci ¢ MAC protocol implementation
(including rate adaptation, etc.) and is an active research
area. Shannon capacity is a measure of physical layer ca-
pacity and is used here to provide an upper bound on the
throughput that would be achieved by any MAC protocol.

HD-MIMO Implementation In our implementation,
all the physical layer processing is done at the relay node
(N2). Nodes N; and N3 are located such that they have
a strong SNR at the relay station (AP), however, they are
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Figure 8: (a) Relay architecture, (b) Capacity.

hidden from each other. Each of the nodes in the relay
architecture of Fig. 8(a) has 3 Tx RF chains and 3 Rx RF
chains.

During N1 ! N3 transmission, each independent data
stream is transmitted from a separate antenna at N;. The
relay node rst obtains the channel information between its
three Rx antennas and the transmitting antennas at Nj. It
then employs a standard technique termed zero force (ZF)
[18] ltering to separate the received streams. During N3
I N3 transmission, N3 receives interference free streams on
separate receive antennas. Similarly, the relay node rst ob-
tains the channel information between its three antennas and
the receive antennas atNs. It then uses ZF beamforming to
transmit independent streams to each of N3's receiving an-
tennas. In our ZF implementation, equal power is assigned
to each ZF weight vector (for details of ZF Iter/beamformer
refer to [18]).

N2 ! N3z SINR Measurement. We use the received
signal strength (RSS, in dBm) value reported by the radio
boards for our SINR measurements. We take the following
approach to measure the SINR for a receiving antennak at
N3. The MIMO transmitter ( N3) rst performs ZF beam-
forming by maintaining the power associated to k, and set-
ting the rest of the powers to zero. The measured RSS value
would then correspond to the signal power. We next re-run
the experiment by setting the power associated to k as zero
and maintaining the powers associated to the other receive
antennas. The measured RSS value would then correspond
to the noise and inter-stream interference. By subtracting
the two RSS values, we measure the SINR. We take 10 such
SINR measurements and report the average value for each
data point.

N1 ! N2 SINR Measurement. During N1 to N»
transmission, the AP is responsible for separating the data
streams in the base band. In order to measure the SINR
for a stream k, the MIMO transmitter rst only transmits
stream k, and the receiver applies the ZF weights to ob-
tain the received signal samples §/«). The base-band signal
power (Ps) is then calculated as Efyxy kg (* denotes the
conjugate transpose). Next, the MIMO transmitter ( Ni)
sets the power allocated to stream k as zero while main-
taining the power associated to the other streams, and the
receiver uses the previous weights to obtain the interference
samples () caused by other streams. The base-band in-
terference power (P;) is then calculated as Efzxz «g. We
report the 10 Ioglo’;',—is as the SINR value.

MIDU Implementation. We change the antenna con-
guration at the AP to a 2-Level antenna cancellation scheme
as described in Section 4. We keep node®N; and N at the
same locations. Similar to HD-MIMO implementation, all of
the physical layer processing is performed at the relay node

However, unlike the HD-MIMO mode, the transmission and
reception is performed simultaneously.

SINR Measurement. N2 I N3z SINR Measurement
in MIDU is similar to HD-MIMO. However, the imperfect
self-interference cancellation can reduce the performane of
N1 ! N3 transmission. In our implementation of MIDU on
the WARP boards, we observed only 4-5 dB of Sl remaining
above the noise oor as reported by the WARP boards.

This remaining Sl is due to the presence of multi-path
components in our environment, which can be suppressed by
employing conventional digital cancellation techniques [ 11,
12, 13]. However, given the remaining small margin for SI
suppression with WARP, we do not consider it in our im-
plementation. Thus our results would be a lower bound on
MIDU's performance.

We measure the N; ! N2 SINR similar to HD-MIMO
SINR measurement. However, during noise measurement
for stream k, we also activate the transmitting N streams
to measure the combined impact of S| and received inter-
stream interference.

Evaluation.  Fig. 8(b) depicts the aggregate capacity of
HD-MIMO and MIDU as a function of the number of in-
dependent data streams. We rst observe that MIMO ca-
pacity does not scale linearly as the number of data streams
is increased. In fact, while 2 streams increase the aggre-
gate capacity by 80% compared to having only 1 stream, 3
streams decrease the aggregate capacity by 7% compared to
having only 2 streams. This is due to MIMO capacity satu-
ration when all degrees of freedom are used as discussed in
Section 3. When all degrees of freedom are used to enable
spatial multiplexing, per-link SINR can potentially decre ase,
reducing the bene ts of spatial multiplexing.

Fig. 8(b) also compares MIDU's performance to the HD-
MIMO scheme. We observe similar capacity saturation trend
due to the incorporation of MIMO. However, we observe
that MIDU on average increases HD-MIMO's capacity by
over 80%.

5.4.2 Single Cell Architecture

We now compare the relative gains of HD-MIMO and
MIDU in a single cell scenario.

Setup. We consider a setup in which we deployed 6 client
nodes scattered around the AP. Each of the clients has only
a single antenna for transmission or reception. The clients
are placed in a manner that they all have a strong link to
the AP, while some of them can be hidden from each other.

The AP is equipped with multiple antennas and has 3 Tx
and 3 Rx RF chains. In HD-MIMO mode, the AP uses three
xed antennas. In addition, the AP uses all of its antennas
to transmit (receive) to (from) up to 3 clients. We denote
an M N transmission strategy by the AP, as a scheme
in which the HD-MIMO AP transmits to M clients during
downlink, and receives from N clients during uplink. For a
given M and N, we selectM out of the six clients as our
downlink clients, and N among the remaining clients as our
uplink clients, and measure the resulting capacity. We de-
note the resulting capacity by CH° (M™° . For a given M
and N, there are ° 6 M dierent selections. We re-
peat the same experiment for all possible client selections
and denote the average capacity asC{;° \"'™° . Finally, we
repeat the experiment for all selections of M = 1;2;3 and
N =1;2;3 leading to a total of 500 sub-topologies. Our ca-
pacity measurements are based on the measurement setup in
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the previous subsection. However, instead of obtaining the
channel matrix from multiple antennas at a single node, we
obtain the channel information from multiple single antenn a
clients and use the ZF technique accordingly.

We next change the antenna con guration to the setup
described in Fig. 5(b), and perform the same set of experi-
ments with a MIDU AP. Note thatinan M N transmis-
sion scheme by MIDU, the M downlink clients and N uplink
clients are active at the same time. We measure the resulting
capacities based on our measurement setup in the previous
section. However, since not all of the clients are hidden
from each other, uplink transmission in MIDU can cause in-
terference on the downlink clients. Thus, when measuring
inter-stream interference for each of the downlink clients,
we also activate all of the selected uplink transmissions to
accurately measure the resulting interference at the down-
IinhIA<|DnUodes. We denote MIDU's average M N capacity as
CM N CMIDU

Evaluation.  Fig. 9(a) plots the cdf of all the =w5—wmo—
values across all possible 500 sub-topologies. According d
the results shown in Fig. 9(a), MIDU achieves a better per-
formance compared to HD-MIMO in over 80% of all the sub-
topologies. In addition, for almost 50% of all sub-topologi es,
MIDU gains over HD-MIMO by at least 20%.

Fig. 9(b) shows the average Cm n results for di erent
M and N values. We rst observe that MIDU provides
larger gains compared to HD-MIMO when total number of
uplink (UL) and downlink (DL) streams is small (less than
4). Note that with a small number of UL and DL clients,
the total interference present in the system is lower and thu s
full duplex (FD) can provide signi cant gains.

In order to better understand the impact of UL ! DL inter-
ference problem in FD we also plot: (1) cdf of the CHEM%

for M = 3 and varying number of uplink clients in Fig. 9(c),
and (2) the maximum HD-MIMO and MIDU capacities over
all M N sub-topologies as a function of the maximum al-
lowed M and N. Two key inferences can be made:

From Fig. 9(c) we observe that in order to leverage the
maximum gains form FD, the humber of streams on DL and
UP must be kept dis-proportionate (asymmetric) The reason
is as follows. If the number of UL (DL) streams from (to) HD
clients is increased for a xed number of DL (UL) streams,
then it increases the interference faced by the clients recev-
ing DL streams, thereby limiting FD performance signi -
cantly. While this limitation is alleviated with FD clients
it cannot be avoided.

From Fig. 9(d) we observe that FD yields diminishing
gains as the number of streams is scaled in either direction.
Note that, when the number of streams is small, it is pos-
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sible to pick DL and UL clients that do not interfere with
each other, allowing the increased number of streams from
FD to yield maximal gains. However, with more streams,
the impact of interference dominates and the few additional
streams in FD (due to asymmetry) tend to contribute less
gain compared to the baseline (larger) number of streams in
MIMO.

FD gains in perspective. While these inferences indi-
cate the restricted nature of FD gains in sigle cell MU-MIMO
(dueto UL ! DL interference), in practice the total number
of multi-user streams, in either DL or UL direction, is small
compared to the number of antennas at an AP. This is due
to many practical reasons such as feedback overhead, com-
putational complexity, minimum SNR supported, etc. For
example, Arraycomm [1] APs (base stations) only support
up to 4 streams simultaneously, with 12 antennas at the AP.
This implies that FD can provide signi cant gains under the
RC (RF Chain Conserved) model in realistic PtMP archi-
tectures. The impact of interference between UL and DL on
FD gains is more pronounced in AC (Antenna Conserved)
model, making it less favorable for adoption in such single
cell MU-MIMO scenarios.

To contrast these results with the single-link results in
Section 5.4.1, FD has signi cant potential under both AC
and RC models in single-link scenarios. These scenarios in-
clude back-haul, relay, mesh network links (owing to the lac k
of DL-UL interference), and single-cell SU-MIMO (which is
still predominantly considered in cellular networks due to
the complexity of scheduling and realization of MU-MIMO
gains).

6. IMPLICATIONS FOR MAC DESIGN

Challenges: Our results in Fig. 9 clearly reveal the need
for scheduling on a MIDU node to identify opportunities for
FD gain. While the design of a scheduler (MAC) for single
cell MU-MIMO (client selection and precoding) is challeng-
ing in its own right, extending it to a MIDU system takes
it to another level - spatial degrees of freedom now have
to be carefully split between downlink and uplink for FD,
with client selection and precoding being jointly addressed
for MU-MIMO in each direction. While the search space for
the problem is very large, we can use the two insights from
our evaluation in Section 5.4.2 to make the search space
tractable.

Insights:  To ensure that our inferences are not specic
to the FD implementation in MIDU, we have also evaluated
the relative performance of ideal FD-MIMO and HD-MIMO
through extensive simulations in larger topologies and hun-
dreds of channel realizations.

We perform simulations with 8 uplink and 8 downlink
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clients, and with varying number of antennas at the AP.
Since we assume an equal number of users in the uplink
and downlink, the average throughput in the uplink and
downlink are similar due to channel reciprocity. Therefore ,
we de ne the ergodic DL capacity [15] for a given number
of antennas as the HD-MIMO capacity. Next, for a given
selection of UL users, we calculate the FD capacity that
is the sum of the ergodic downlink and uplink capacities
while considering the impact of UL clients interference on
the downlink clients. FD capacity is then averaged over all
UL user combinations for a given total number of UL users
and across all di erent channel realizations.

Fig. 10(a) depicts the corresponding throughput gain of
FD to HD-MIMO. From Fig. 10(a), we observe that as the
number of antennas and therefore the number of DL streams
increases, the FD gains decrease. We further observe that,
as the number of the uplink clients increases, the FD gains
start to decrease.

We next characterize the number of uplink users that
result in maximum FD gains and the corresponding gains
across all di erent channel realizations. For a given numbe r
of antennas and for each channel realization, we calculate he
maximum FD gain, as well as the number of uplink clients
that result in the maximum FD gains. Fig. 10(b) depicts
the average maximum FD gain as a function of number of
uplink clients, while Fig. 10(c) depicts the number of uplin k
users that result in maximum FD gains. From these results,
we observe that as the number of streams in DL direction is
increased, only a small number of clients in the reverse di-
rection can be scheduled simultaneously. In fact, the results
in Fig. 10(c) show that with six downlink streams, in more
than 90% of all channel realizations only one uplink client
provides additional FD gains, and none of the realizations
achieved FD gains with three or more uplink clients.

These simulation results re-emphasize our earlier infer-
ences in Section 5.4.2. Hence, for maximal bene ts in single
cell networks, where MU-MIMO operation is feasible, it is
better to operate FD in small, asymmetric con gurations {
where the maximum number of streams is kept small in ei-
ther direction, while the active number of streams between
DL and UL is dis-proportionate .

Scheduling Strategy: Guided by these conclusions, one
can devise the scheduler to look at asymmetric con gura-
tions for FD only when the number of streams is small. This
signi cantly reduces the search space for client selection on
DL and UL for FD, making it comparable to MU-MIMO
scheduling. Thereafter, conventional MU-MIMO scheduling

2 -3
No. of uplink users

Large-scale simulations of FD gains in a single-cell archit

2 3
No. of uplink users

ecture: (a) FD gains with forced uplink users,
n maximum FD gains.

Freq (GHz) 2484 | 2474 | 2.464 | 2.454
Cancellation (dB) 45 38 17 9
Table 1: Phase shifter's frequency response impact on
cancellation.

and precoding algorithms [5] can be directly employed in ei-
ther direction to evaluate the relative bene ts of FD-MIMO
over HD-MIMO and select the better strategy. On the other
hand, when the number of streams is large, the scheduler can
directly employ MU-MIMO.

7. DISCUSSION

Wide Bandwidth. Our implementation of MIDU can-
cels 45 dB of Sl over a 625 KHz bandwidth signal. How-
ever, most of the current and future technology standards
use bandwidths much wider than that (e.g., up to 20 MHz
LTE and 40 MHz 802.11n). Therefore, it is important for
Sl cancellation techniques to cancel S| over wide-band.

We perform an experiment in which we change the center
frequency of the WARP boards and measure the resulting
S| cancellation at di erent frequencies. The phase shifters
are tuned such that they provide 45 dB of S| cancellation at
2.484 GHz. Table. 1 shows MIDU's SI cancellation results.
We observe that MIDU provides 37 dB of S| cancellation at
2.474 GHz, implying that MIDU can still provide over 35
dB of Sl cancellation for a 20 MHz bandwidth signal. How-
ever, at 2.464 GHz, Sl cancellation is only 17 dB, limiting
the Sl cancellation to less than 20 dB for a 40 MHz band-
width signal. While channel symmetry holds across di erent
frequency bands, a phase shifter's ability to create a signd
inverse is precise only for a small bandwidth signal. Hence,
the performance of MIDU is limited by the manner in which
a signal inverse is generated. Recent research [13] suggestd
that a transformer (termed BALUN) can provide phase
shift over large bandwidths. Therefore, one can potentiall y
employ BALUNSs in lieu of phase shifters in MIDU's imple-
mentation to provide Sl cancellation over wider bandwidths .

Impact of multi-path interference. MIDU is able to
provide 45 dB of Sl cancellation in an open-space indoor (les
multi-path) environment and can potentially yield higher
cancellation outdoors. However when measured in an in-
door multi-path rich environment, we observed only 15 dB
of Sl cancellation. While MIDU can help with Sl cancel-
lation of the LoS component, channel symmetry may not
hold for strong NLoS components. In such scenarios, if the
additional level of suppression required is less than 25 dB,
digital cancellation would su ce. However, if more cancell a-



Figure 11: Example Tx and Rx antenna placement with
orthogonal polarization.

tion is required, then estimation and compensation of the Sl
channel becomes necessary. One can employ a pseudo ana-
log cancellation approach [8] for this purpose. While this
approach by itself is not su cient to provide the desired
level of cancellation (as discussed in Section 2), it can be
combined with MIDU to address multi-path without com-
prising on its scalability. However, other analog cancellation
approaches (e.g.,[13]) cannot be employed as they incur the
limitation of scalability, and sensitivity of SI compensat ion
for wide-band frequency-selective channels.

Antenna Type and Polarization. In our implementa-
tion of MIDU, all Tx and Rx antennas were placed such that
they have similar polarization. Due to the symmetric struc-
ture of MIDU, one can envision a placement of antennas in
which Tx and Rx antennas have orthogonal polarization, po-
tentially increasing the amount of Sl cancellation. Fig. 11 (b)
depicts an example of such antenna placement.

Further, as MIDU requires only similar radiation patterns
by Tx or Rx antennas, it can easily work with an array
of directional antennas (e.g., directional/sectorized an tenna
placement in 3G). As part of our future work, we are inves-
tigating these schemes in order to provide additional 20{30
dB Sl cancellation, thereby potentially enabling FD-MIMO
in pico and macro cellular towers.

8. CONCLUSION

We presented the design and implementation of MIDU,
the rst MIMO full duplex wireless system. We showed
that MIDU's design allows for 2 levels of antenna cancel-
lation, eliminates the need for variable attenuators and de -
lays, and, most importantly, easily scales to MIMO. We im-
plemented a prototype of MIDU, and compared its perfor-
mance to HD-MIMO. Our results demonstrated that MIDU
has signi cant potential in both point-to-point and point-  to-
multipoint schemes. We also provided guidelines for schedu-
ing in practical MIMO full duplex implementations.
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