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ABSTRACT
Given that full duplex and MIMO both employ multiple antennare-
sources, an important question that arises ishow to make the choice
between MIMO and FD?. Interestingly, we show that optimal per-
formance requires a combination of both to be used. Hence, we
present the design and implementation of MIDU, the first MIMO
Full-Duplex system for wireless networks. MIDU employs antenna
cancellation with symmetric placement of transmit and receive an-
tennas as its primary RF cancellation technique. We show that
MIDU’s design provides large amounts of self-interferencecan-
cellation with several key advantages: (i) It allows for twostage
of additive antenna cancellation in tandem, to yield as highas 45
dB self-interference suppression; (ii) It can potentiallyeliminate
the need for other forms of analog cancellation, thereby avoiding
the need for variable attenuator and delays; (iii) It easilyscales to
MIMO systems, thereby enabling the coexistence of MIMO and
Full Duplex.

We implemented MIDU on the WARP FPGA platform, and eval-
uated its performance against Half Duplex (HD)-MIMO. Our re-
sults 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 30% even
in single cell scenarios, where Full Duplex encounters inter-client
interference. Based on key insights from our results, we also high-
light how to efficiently enable scheduling for a MIDU node.

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 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 WiFi 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 (depend-
ing on channel characteristics), resulting in a self-interference of
at least -20 dBm. With a noise floor around -93 dBm, one would
further require a self-interference cancellation of at least 73 dB to
be able to decode the desired received signal. While one can solely

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
MobiCom’12,August 22–26, 2012, Istanbul, Turkey.
Copyright 2012 ACM 978-1-4503-0181-7/10/09 ...$10.00.

employ digital interference cancellation techniques, current ADC’s
do not have a resolution to pass a received signal which is 73 dB
less than the noise floor. Hence, several practical full duplex (FD)
systems [6, 12, 7] have been proposed that couple RF cancellation
along with digital cancellation to achieve the desired level of SI
suppression.

RF cancellation can include a combination of antenna cancel-
lation and analog cancellation. In [6], antenna cancellation was
achieved by placing two Tx antennas asymmetrically atℓ andℓ+ λ

2
distance from the Rx antenna, thereby allowing the transmitsignals
to addπ out of phase and hence cancel each other. On the other
hand, analog cancellation involves generation of theπ phase shift
internally, coupled with the estimation and compensation of the SI
channel [7, 12]. This allows forπ phase shifters with a better fre-
quency response over a wide-band channel (e.g., BALUN in [12])
to be employed, in contrast to the strong dependence on frequency
(λ) posed by the antenna cancellation in [6]. While the existing
schemes employ at least two antennas, one can also envision FD
with a single antenna [13], where a circulator is used to isolate the
Tx and Rx signals. However, owing to the lack of path loss attenua-
tion and the lack of contribution from RF cancellation, the required
level of SI cancellation is significantly higher and hence hard to
realize.

Given that at least two antennas are needed for a practical imple-
mentation of FD at WiFi 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 de-
vices (access points, base stations, etc.) expected to be equipped
with multiple antennas (often more than two), it is both timely and
important to understandhow to best employ the available spatial
degrees of freedom (antennas) at a node. When comparing FD
with MIMO, we consider two models that are of practical interest -
antenna conserved(AC) andRF chain conserved(RC). While the
AC model allows for FD to be realized in legacy MIMO nodes (#
Tx/Rx chains = # antennas), RC model on the other hand 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
differ significantly depending on the model considered.

However, irrespective of the model considered, it turns outthat
there are several scenarios where the best strategy is not MIMO or
FD in isolation but a combination of both. This in turn bringsus to
the next question as tohow to effectively realize a joint MIMO+FD
system?

We observe that existing antenna cancellation [6] and analog
cancellation [12] approaches cannot be readily extended toMIMO
systems. Although one might envision an extension of [6] using
two Tx and one Rx antenna for every transmitted/received MIMO
stream, this would require antennas to be placed such that each of



the Tx pairs (for each stream) lead to SI signals which are 180o

out of phase ateveryRx antenna, which is hard to realize. On the
other hand, analog cancellation in [12], when extended toN stream
MIMO, requires one to estimate the self-interference channel be-
tween every pair ofN2 Tx-Rx antennas. This in turn results in the
use ofN2 variable delays and attenuators, each of which has to be
auto tuned and adapted to track theN2 SI channels, which is hardly
practical, specifically in frequency selective wide-band channels.

In addressing the above challenges, we design and prototype
MIDU1 - a node with joint MIMO and (full) DUplexing capabil-
ities. MIDU employs antenna cancellation withsymmetricplace-
ment of antennas as its primary RF cancellation technique. Specif-
ically, for a single stream transmission, it employs antenna cancel-
lation 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 shortcomings of asymmetric antenna cancellation [6], we show
that such a design provides large SI cancellation with several key
advantages:

• It allows for a two-level design, whereby Tx antenna cancel-
lation is followed by Rx antenna cancellation. Using antenna
cancellation theory, we show that such a design has the po-
tential to double the antenna cancellation gains because ofits
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] for a 3×3 FD+MIMO
system. Briefly, our experiments reveal that each level of antenna
cancellation can contribute to 25-30 dB of SI suppression, while
their combination can yield up to 45 dB of suppression, thereby
eliminating the dependence on analog cancellation. Coupled with
25-30 dB of SI suppression from digital cancellation techniques as
in [12, 10, 15], MIDU can enable FD for WiFi transmit powers.
We also evaluate the performance of MIDU as a relay between two
hidden nodes and as an access point (AP) serving multiple single
antenna clients. For each of these schemes, we compare the perfor-
mance of MIDU against HD-MIMO (or MU-MIMO). Our results
reveal that MIDU increases relay capacity up to 80%, and even
in the presence of uplink-downlink interference in single cells, in-
creases the median capacity by at least 30%.

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 (client selection and precoding) ischal-
lenging 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 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 regions of
pronounced FD gains, and hence provide guidelines for an efficient
scheduling strategy with a tractable search space.

In summary, we are driven in this paper by three questions con-
cerning Full Duplex MIMO:Is it feasible? Is it scalable? What are
the tradeoffs with Half Duplex MIMO?In addressing these ques-
tions, we make the following contributions:

1pronounced as “MyDu"

• 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 SI channel estimation.

• Built a prototype of MIDU and showcased the additive benefits
of its two level cancellation as well as joint operation of 3x3
MIMO + FD in practice.

• Provided guidelines for the design of an efficient MAC for sin-
gle cells employing MIDU nodes.

The next section describes the preliminaries. The joint merits of
FD and MIMO are discussed in the following section. Thereafter,
we present the design of MIDU, performance evaluation, guide-
lines on scheduling, discussions, and finally, the conclusions.

2. PRELIMINARIES
Full Duplex. Fig. 1(b) shows the various components of a FD

system that contribute to SI suppression, namely: antenna cancel-
lation, analog cancellation, and digital cancellation.

Antenna cancellationutilizes arrangement of TX and RX anten-
nas in such a way that SI is reduced at the RX antenna. While [6]
employed asymmetric placement of TX antennas to generate aπ
phase shift between the transmitted signals at the RX, [8] employed
directional TX antennas that place a null at the RX antenna. For a
MIMO capable FD node, antenna placement must cancel SI at all
of the receiving antennas, which is hard to realize in the proposed
schemes.

Analog cancellationrequires knowledge of the SI channel to cre-
ate a copy of the SI signal in the RF domain and cancel it before
the signal is digitized. While [15] uses a noise canceler chip for the
purpose to achieve about 20-25 dB of SI suppression, [12] employs
a combination of BALUN (balanced to unbalanced) transformer (to
generate a negative copy of transmit signal) and variable delay and
attenuators (to track the SI channel), to yield a SI suppression of 25-
30 dB in practice. In [7], a pseudo analog cancellation technique
is introduced, in which an additional RF chain creates a canceling
signal in RF from a digital estimate of SI in base band, removing
35 dB of SI.

All these schemes require estimation of SI channel between a
TX and RX antenna, which becomes a scalability bottleneck for
MIMO systems with FD.

Digital cancellationutilizes the digital samples of the transmit-
ted signal in the digital domain and subtracts them from the re-
ceived samples, removing up to 25 dB of SI [10, 11, 12]. How-
ever, the pseudo analog cancellation approach adopted in [7], limits
the additional suppression from digital cancellation to only 4-5 dB.
This restricts its total cancellation to less than 39 dB, limiting its
applicability to only small-medium range communications.

While MIDU can also benefit from digital cancellation (as in
[10, 11, 12]), in contrast to the above works, the large potential
for SI suppression from MIDU’s antenna cancellation (albeit com-
plementary 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
[3] and BLAST [9]), the capacity of a point-to-point communica-
tion link is (theoretically) expected to scale with the number of an-
tennas at the TX and RX (sayN ). However, in practice, the number
of antennas at a base station or access point (N ) is much more than
those at the clients (n), limiting the performance of SU-MIMO to
scale only withn. Multi-User MIMO (MU-MIMO) can be em-
ployed to overcome the limitation in such scenarios. Recentwork
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Figure 1: (a) FD Architecture, (b) Comparison Model.

[5, 16], has implemented MU-MIMO schemes, in which an AP can
communicate with a number of clients simultaneously by utilizing
the antennas that belong to a group of clients. As a baseline for
comparison, we compare the performance of MIDU against such
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
focus is on performance, hardware complexity must also be taken
into account for a fair comparison. We define two models that are
of practical interest:antenna conserved(AC) andRF chain con-
served(RC) models. The models are defined 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 im-
portant from different perspectives.

AC Model: Here, the node employing FD has the same number
of antennas (and RF chain pairs) as the legacy MIMO node and
hence represents the case where FD is enabled directly on legacy
MIMO nodes. Hence, when FD is enabled, depending on the split
of antennas between downlink 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) will be the same asthat
in MIMO (either downlink or uplink). However, the full potential
of FD is not leveraged in this case (half the RF chains are not used
as shown in Fig. 1(b)).

RC Model: Here, the node employing FD has more antennas
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 effectively used
as long as there are sufficient number of antennas available.For ex-
ample, compared to a two antenna MIMO node supported by two
pairs of Tx-Rx RF chains and capable of sending (or receiving) two
streams, a corresponding FD node can use all the four RF chains
through four antennas to send and receive two streams simultane-
ously. 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 predom-
inantly in its RF chains and not its passive antennas. Hence,adding
more antennas, albeit an issue for form factor and hence mobile de-
vices, is not an obstacle for base stations and access points, which
is where we expect FD to be predominantly employed. Therefore,
when a node is designed taking FD into account, one can provi-
sion it with more passive antennas than the number of RF chains to
leverage the potential of FD, which in turn is captured by theRC
model.

3.1 FD vs MIMO Performance
Note that when a node has multiple antennas and employs more
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Figure 2: FD vs. MIMO Performance: (a) Perfect SI suppression, (b)
SI suppression loss: 6 dB

than two streams, FD by definition refers to a combination of FD
and MIMO. This is because, while the available antennas can be
split between downlink and uplink in FD, one would still needto
employ MIMO within the available number of antennas in each
direction to maximize 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 anten-
nas 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 respec-
tive capacities under both the AC and RC models. We also consider
both perfect SI cancellation at the FD node, as well as when there
is a remaining SI of 6 dB. We also incorporate the correlationbe-
tween antenna elements on a node (ρ) that arises in practice and
influences MIMO performance (ρ = 1 indicates perfect correla-
tion). The results are presented in Fig. 2 as a function of number of
antennas at either ends of the link as well as the antenna correlation
factor and FD SI suppression. Two key observations can be made.

• In the AC model, even small antenna correlations (ρ = 0.01)
result in saturating MIMO performance with increasing anten-
nas. Hence, while FD does not have an advantage over MIMO
theoretically in terms of number of stream transmissions, in
practice with good SI suppression capability, it can deliver bet-
ter performance even with moderate number of antennas (about
4-6 in Fig. 2(a)). However, with imperfect SI suppression (loss
of 6dB), such a transition happens at higher number of antennas
(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 po-
tential to transmit twice as many streams as MIMO. This cou-
pled with MIMO’s saturating performance, allows FD to de-
liver significant gains with good SI suppression capability(Fig.
2(a)). However, even for moderate SI suppression capability
(with a loss of 6dB), gains can be observed even for moderate
number of antennas (two in Fig. 2(b)) at low antenna correla-
tions.

Thus, we find thatirrespective of the model considered, the use
of available antenna resources towards a combination of FD and
MIMO is critical for optimal performance. While the above com-
parison is with respect to a single point-to-point link, applicable
to scenarios involving cellular backhaul links, mesh network links,
relay links, etc., we 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



a) Receive Cancellation b) Transmit Cancellation

Figure 3: Antenna Cancellation.

MIDU employs antenna cancellation achieved through Symmet-
ric Antenna Placement (SAP) as its primary RF cancellation tech-
nique. We first outline the rationale behind our choice by identi-
fying the advantages of SAP. Then with the help of antenna can-
cellation theory, we show how to enable two levels of antennacan-
cellation (Tx and Rx antenna cancellation) with additive benefits.
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 symmetric place-

ment of the antennas. Figure 3(a) illustrates our Rx antennacan-
cellation, where two Rx antennas are placed symmetrically at a dis-
tanceℓ from the Tx antenna. The signal received from one of the
receive antennas is phase shifted internally using a fixedπ phase
shifter before being combined with the other receive signalto help
nullify the self-interference signal. Similar to Rx antenna cancel-
lation, we can also have an analogous Tx antenna cancellation as
shown in Fig. 3(b).

While the basic antenna configuration for cancellation is simple,
we now highlight its significant potential to not only address the
limitations of existing FD schemes, but also to allow for twolevels
of antenna cancellation and leveraging MIMO in tandem. Com-
pared to the transmit antenna cancellation in [6], where theπ phase
shift was realized with asymmetric placement of Tx antennas(ℓ and
ℓ+ λ

2
), SAP has the following advantages:

• Bandwidth Dependence: Moving theπ phase shift internally
alleviates the bandwidth dependence (due toλ) of antenna can-
cellation. Further, fixedπ phase shifters have significantly bet-
ter frequency responses over wide bandwidths compared to vari-
able ones.

• Tuning: Since the received powers are similar, this avoids the
need for tuning of attenuation and phase of the self-interference
signal; otherwise required to counteract the power difference
due to asymmetric antenna placement.

• Scalability: When compared with schemes such as [12, 7] which
do not consider antenna cancellation, SAP does not require es-
timation of the SI channel between every pair of Tx and Rx an-
tennas, which becomes a scalability issue for MIMO systems.

One limitation that was raised in [6] with respect to symmet-
ric antenna placement, is its potential destructive impacton the far
field. However, the simulations used to highlight this observation
used a free space path loss model. Note that while the SI channel
can be modeled as free space, it is well known [17] that the farfield
channels (indoors or outdoors) from the transmit antennas experi-
ence independent fading at any far field receive point with sufficient
separation (greater thanλ which is 12.5cm at 2.4 GHz) between
transmitting antennas (also validated in our experiments in Section
5.2). Hence, asymmetric antenna spacing does not provide any ad-

a) Phase Offset + Antenna Spacing b) Only Antenna Spacing

Figure 4: Loci of Null Points.

vantage over a symmetric placement with respect to impact onfar-
field. An analogous argument holds for signals received fromfar
field.

4.2 Understanding Antenna cancellation
To leverage antenna cancellation effectively, it is important to

understand the notion ofsignal nulling. A signal is said to be
“nulled"’ when two copies of the signal addπ out of phase to can-
cel each other, thereby pushing the received signal strength to or
below the noise floor. Let us consider transmit antenna cancella-
tion for explaining the concepts. There are two parameters affect-
ing the nulling process: relative phase and amplitude of thetrans-
mitted signals at the receiver. The relative phase between the two
signals could be further controlled either by directly introducing a
phase offset (φ) to one of the signals and/or by varying the relative
distance between the transmit antennas with respect to the receive
antenna.

Let dt be the distance between the two Tx antennas, withd1 and
d2 denoting the distance of the two transmit antennas with respect
to a receive point respectively. First, we consider the set of potential
receive null points, where there is a phase offsetφ = π. Whether
these null points can be realized in turn depends on the relative
amplitude of the signals as well, which is discussed subsequently.
Now the set of potential null points in a two-dimensional plane can
be defined as the locus of the points satisfying|d1 − d2| = kλ for
some integerk and includes the following (see Fig. 4(a)).

• The Perpendicular Bisector (PB) of the line joining the transmit
antennas (i.e.d1 = d2 = dt

2
).

• A set of hyperbolas with the transmit antennas as the focal
points. Each hyperbola intersects the line connecting the two
transmit antennas at points that arekλ

2
, k ∈ Z+,≥ 1 from the

mid-point towards either one of the transmit antennas.
• If dt = mλ, 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 relative phase is controlledonly
with the help of antenna spacing (i.e., phase offset,φ = 0), we
note that the locus of the potential null points is now definedas
those satisfying|d1−d2| =

(2k+1)λ
2

and consist of (see Fig. 4(b)),

• A set of hyperbolas with the transmit antennas as the focal
points. Each hyperbola intersects the line connecting the two
transmit antennas at points that are(2k+1)λ

4
, k ∈ Z+,≥ 1 from

the mid-point towards either one of the transmit antennas.
• If dt = (2m+1)λ

2
, 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 potentialnull
points.



Now for a potential null point to be realized, the two transmit
signals must arrive at the receive point withequalamplitude butπ
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, fora null
point on a hyperbola, it is easy to see that different 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 a fixed (potentially different) trans-
mit power from the two transmit antennas, at most two null points
on each hyperbola may be realizable. Note that we do not have null
points on the PB whenφ 6= π. Given that the null points on the
hyperbolas are hard to realize, this limits the applicability of asym-
metric antenna spacing based approaches (e.g., [6]) to two level
antenna cancellation; this limitation is compounded in thecase of
MIMO. This important property of realizing null points on the PB,
when transmit signals are phase shifted byπ, is leveraged for two
purposes: (1) extend the transmit antenna cancellation to atwo-
level transmit and receive antenna cancellation scheme, and (2) to
realize FD communication together with MIMO.

4.3 Two Level Antenna cancellation
Given that the above properties of transmit antenna cancellation

(based on phase offset) analogously apply to receive cancellation
as well, we can easily extend our proposed scheme to employ two
stages (transmit and receive) of antenna cancellation in tandem.
In the first stage two transmit antennas transmit at equal power
andπ out of phase signals that destructively interfere at any point
on the PB of the transmit antennas. Now, place two RX anten-
nas symmetrically on the PB of the transmit antennas as shownin
Fig. 6(a), such that the TX and RX sets of antennas are on each
other’s PB. While the transmit signals add destructively ateach
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 ofRF
chains used is still only two (one for forward and another forre-
verse streams).

The isolation (in dB) achieved by these two stages of cancel-
lation are additive in theory although in practice the cancellations
might not be perfectly additive. In fact under ideal conditions even
a one stage cancellation should provide a perfect null. However,
gain imbalance or a slight phase offset between the signals may
prevent us from achieving a perfect null, wherein a residue of the
self-interference signal remains. We can now establish thefollow-
ing property.

PROPERTY 1. Under small gain imbalance and/or phase offset
(from imprecise antenna placement or imperfect RF devices)be-
tween the transmit and receive cancellation paths, the self-interference
cancellation provided by two levels of antenna cancellation are ad-
ditive (in dB scale).

PROOF. Consider the antenna placement in Figure 5. We model
the imprecision in antenna placement with small deviation in dis-
tances asd and d + ǫ for the 2 TX antennas on the horizontal
axis, ande ande + δ for the 2 RX antennas on the vertical axis
(ǫ, δ ≪ d, e ). We also model the imprecision in the RF circuitry
by considering small phase differencesθt andθr and gain differ-
encesαt andαr in the transmit and receive cancellation circuits,
respectively. The received signaly(t) at timet can now be written
as

y(t) = A11x(t)e
j(2πfct+φ11) + A12x(t)e

j(2πfct+φ12)

+ A21x(t)e
j(2πfct+φ21) + A22x(t)e

j(2πfct+φ22)

Figure 5: Impact of antenna misplacement on cancellation

wherex(t) is the baseband signal,fc is the transmission frequency,
andAij andφij denotes the gain and phase shift of the signal trans-
mitted from transmit antennai to receive antennaj under free space
path loss model. Note thatAij andφij include the gain imbalance
and phase imprecision caused by RF circuitry as well as imprecise
placement of the antennas. Letdij denote the distance between
transmit antennai to the receive antennaj.

We have,d11 =
√

d2 + e2, d12 ≈ d11 +
e

d11
δ

d21 ≈ d11 +
d

d11
ǫ, d22 ≈ d11 +

d

d11
ǫ+

e

d11
δ

For gain, we have,A11 = A(
4πλ

d11
)2, A12 = Aαr(

4πλ

d12
)2 = A11a12,

where,a12 = αr

(

d11

d12

)2

≈ αr

(

1−

2eδ

d211

)

Similarly,A21 = Aαt(
4πλ

d21
)2 = A11a21 ≈ A11αt

(

1−

2dǫ

d211

)

Now, it can be shown that,A22 = Aαtαr(
4πλ

d22
)2 ≈ A11a12a21

For phase,φ11 =
2πd11

λ
, φ12 = (π + θr) +

2πd12

λ
= π + φ11 + ξ12

φ21 = (π + θt) +
2πd21

λ
= π + φ11 + ξ21

We now have,φ22 = (π + θt) + (π + θr) +
2πd22

λ
= φ11 + ξ12 + ξ21

In one-stage receive antenna cancellation (TX2 is not transmitting),
the received signal can be manipulated as

y1(t) ≈ A11x(t)e
j(2πfct+φ11)(1− e

jξ12)

+ A11(a12 − 1)x(t)ej(2πfct+φ12)

Similarly, in one-stage transmit antenna cancellation (RX2 is not
receiving), the received signal can be manipulated as

y2(t) ≈ A11x(t)e
j(2πfct+φ11)(1− e

jξ21)

+ A11(a21 − 1)x(t)ej(2πfct+φ21)
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Figure 6: (a) 2-Level cancellation, (b) MIMO.

For our two-stage cancellation, we can denote

y(t) ≈ A11x(t)e
j(2πfct+φ11)(1− e

jξ12)

+ A11(a12 − 1)x(t)ej(2πfct+φ12)

+ A21x(t)e
j(2πfct+φ21)(1− e

jξ12) (1)

+ A21(a12 − 1)x(t)ej(2πfct+φ22)

≈ A11x(t)e
j(2πfct+φ11)(1− e

jξ12)(1− e
jξ21)

+ A11(a12 − 1)x(t)ej(2πfct+φ12)(1− e
jξ21 )

+ A11(a21 − 1)x(t)ej(2πfct+φ21)(1− e
jξ12 )

+ A11(a12 − 1)(a21 − 1)x(t)ej(2πfct+φ22)

We havey(t)
x̃(t)

≈ y1(t)
x̃(t)

· y2(t)
x̃(t)

, wherex̃(t) = A11x(t)e
j(2πfct+φ11),

implying that the gains of the two stages are additive.

4.4 Scaling to MIMO systems
Realizing null points on a straight line is critical becauseit fa-

cilitates the design of MIMO transmit and receive antenna arrays.
Hence, our proposed two-level antenna cancellation solution based
on phase offset can be readily extended to MIMO systems by us-
ing ordinary and widely used linear antenna array configurations.
In particular, to generate aN × M FD-MIMO system, we start
by placing two sets of antennas (N transmit andM receive) on
two perpendicular axis to allow forN ×M MIMO (in each direc-
tion of FD) as shown in Fig. 6(b) ((N,M) = (3, 3)). Then, to
enable thisN ×M system with full duplex, we use an equal num-
ber 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 theN transmit and their
respective canceling antennas will add out of phase at each of the
receive antennas in the first stage of cancellation. The composite
received signals at each of theM receive antennas are then further
combined out of phase with their respective canceling antennas to
provide the second level of cancellation. It is worth pointing out
that only such symmetric antenna configurations can be extended
to generic MIMO systems without the need for variable attenuators
and delay elements. Again note that, while2(N + M) antennas
are employed for achieving two levels of antenna cancellation with
FD, the total number of RF chains required is onlyN +M , which
is the minimum required to enableN ×M HD-MIMO communi-
cation in either direction. Fig. 6(b) shows the antenna structure for
a 3x3 FD-MIMO 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 de-
pendence on analog cancellation, but also realizes it through an
elegant structure that scales seamlessly to MIMO systems.

5. IMPLEMENTATION AND EXPERIMEN-
TAL EVALUATION

In this section we provide experimental results on the perfor-
mance of MIDU. We first perform extensive channel measurements
to verify some of the assumptions in the design of MIDU. Next,
we evaluate the cancellation design by measuring the amountof
self-interference cancellation for each of the two levels of antenna
cancellation, and 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 responsi-
ble for baseband PHY signal processing, while WARP boards act
as RF front-ends to send/receive packets over the air. Sincethe
baseband processing is performed in MATLAB, there is a 50ms
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 least 20m be-
tween our setup and the nearest wall. We mount our antennas ona
wooden board, which itself is at the height of approximately1.8m
from the earth surface. The carrier frequency was centered at 2.484
GHz (2.4 GHz, channel 14), and we implemented a single subcar-
rier narrowband system with a bandwidth of 625KHz. We used
2.4 GHz 3dBi dipole antennas. We discuss the implications ofrich
scattering environment, wider bandwidths and antenna typein Sec-
tion 7. In our experiments we construct 100 bit size packets,and
use the BPSK modulation scheme. The beginning of each packetis
augmented with a preamble header. Each preamble is composedof
training samples and an appropriate pilot tone for channel estima-
tion between a transmitter and the receiver.

5.2 MIDU Feasibility
Three assumptions are critical in order for our full duplex system

to work effectively: (i) Channel between a TX and RX antenna is
only dependent on the distance between the two in the near field;
(ii) Channel symmetry is stable over time; (iii) Assumptionone
is valid across different frequency bands; (iv) Symmetric antenna
placement would not create nulls in the far-field. We now proceed
to verify each of the aforementioned assumptions.

Channel between a TX and RX antenna is only dependent
on the distance between the two in the near field.The first as-
sumption implies that an RX antenna with similar distances from
two TX antennas would observe channels with equal amplitudeand
phase. This allows us to realize several null points in the BPof the
two TX antennas through the use of a passiveπ phase shifter, and
thus enable MIMO.

We mount two antennas on our AP. The two antennas are at-
tached to a rod with adjustable distance. We fix the two TX and RX
antennas at a distance of 40cm 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 loca-
tions. These locations are shown as 8 dark squares on the circle
around the RX as shown in the picture of Fig. 11(a). Once these
measurements are taken, we perform the same experiment on three
more circles around the RX by increasing the distance between the
TX and RX antennas.
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Figure 7: MIDU feasibility verification.

For each circle, we calculate the average and standard deviation
of the average channelsmeasured over the eight selected points.
Fig. 11(b) depicts the corresponding results. For all the circles,
standard deviation of gain is less than 1%. Similarly, the standard
deviation of phase is around 2◦ out of the possible 360◦. The re-
sults in Fig. 11(b) confirm that in an outdoor open-space setting,
the near field channel is only dependent on the distance between
the transmitter and receiver.

Symmetry stability over time. We now measure the amount of
variation in the self-interference channel between 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, however,
such a setup would not allow us to measure all of the four self-
interference channels simultaneously. Therefore for benchmark-
ing, 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 samples are followed by two non-interfering pi-
lot tones for correct channel estimation between all of the TX and
RX pairs. Fig. 11(c) shows our experiment setup. We next store
the packet with the modified preamble in the two TX RF chains,
and send the same packet continuously for a duration of one hour.
For each packet transmission, we measure the four self-interference
channels (hi, i = 1 ..4).

Fig. 7(d) presents the stability results among the self-interference
channels by measuring the variation of each self interference chan-
nel (hi) and the ratio between them. Fig. 7(d) shows that each self-
interference channel observes small variations (less than1% for
both phase and gain). This is intuitive as the two antennas are fixed
at a close distance. Fig. 7(d) further reveals that the variation in
phase difference between two self-interfering channels isless than
0.3%, implying that when the two transmissions are synchronized,
the channel observed is even more stable.

Channel distance dependency across different frequency bands.
As many modern modulation approaches (e.g., 802.11 g/n) divide
the bandwidth into many smaller sub-channels, the proposedMIMO
full duplex scheme should be able to cancel self-interference signal
over a wide bandwidth. Thus, we verify if the channel-distance de-
pendency remains valid across different frequency bands. To verify
this, we repeat the same experiment setup of Fig.11(a) by perform-
ing channel measurements over the first circle, however, on differ-
ent frequency bands.

Fig. 7(e) shows that the standard deviation of channel gain and
phase is less than 1%, confirming that for each frequency the ob-
served channel is only dependent on distance. Fig. 7(e) alsoshows
that the channel phase is different across varying frequency bands.
This is due to WARP hardware which adds a constant phase for
each frequency. Note that a RX antenna still observes similar chan-
nels from two TX antennas at the same distance, and thus MIDU’s
cancellation would not be affected by this. This in turn shows that
MIDU’s wide-band cancellation would only depend on the ability
to create aπ phase shift over a wide-band. We discuss this issue in
more detail in Section 7.

Impact of symmetric antenna placement on the far field 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 field locations. We observed similar results with RX
cancellation, thus here we only present the results with TX cancel-
lation. We perform an experiment in which an RX client moves in
two different circles around the AP with a distance of10m and3m
from the AP respectively. In each circle, the client performs SNR
measurements at 10 different equally spaced locations. In each lo-
cation, the AP first transmits ten packets using a single antenna.
Next, we change the antenna configuration 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 an-
tenna is at a distance of 40cm from the first antenna, and the two
Tx pairs are able to cancel 25 dB of SI for a carefully placed Rx
antenna 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 experiment is repeatedfor all
the 20 client locations.

Fig. 7(f) compares the received SNR for the two antenna con-
figuration schemes. It follows that the achieved SNR can be up
to 4 dB lower than the single antenna scheme. However, Fig. 7(f)
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 first antenna, the com-
bined effect can even increase the SNR. Fig. 7(f) confirms that there
is no particular correspondence to increase/decrease in SNR, as one
would expect from far field fading [17].

5.3 Self-Interference Cancellation Evaluation
We now investigate MIDU’s SI cancellation performance for TX

cancellation and RX cancellation separately, as well 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 measurements,
we first verify if a commercial phase shifter can cancel two equal
signals over wires. Our phase shifters provide 180◦ phase shift per
GHz of operation. For the transmit signal, 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 split-
ter; one of the resulting 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 signal power,one
level of cancellation was able to achieve 35 dB of cancellation. We
next employed two phase shifter 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 configuration
setup depicted in Fig. 6(b). We use 6 transmit antennas that are
symmetrically placed on a straight line, and 6 Rx antennas onthe
bisector perpendicular. The distance betweenT1T

′

1 is set to 40cm,
and the same distance is set betweenR1R

′

1. The rest of the anten-
nas are placed at 20cm 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 anten-
nas and the 6 RX antennas are connected to 3 TX RF chains and
3 RX RF chains, respectively. We use the WARPLab experimen-
tal setup of Section 5. However, we set the transmitting RF chains
in a continuous transmission mode for a duration of 10 sec, inor-
der to correctly measure the received signal power on the spectrum
analyzer. In continuous transmission mode, a transmittingWARP
board continuously transmits the same packet without any delay
between back to back packets.

Transmit Cancellation. In this experiment, we set the transmit
antenna pair fixed asT1T

′

1, and measure the amount of transmit
self interference cancellation at each of the 6 receive antennas as a
function of transmit power. Specifically, for each RX antenna we
first measure the RX signal strength when onlyT1 is active. Next,
we measure the received signal strength on the spectrum analyzer

when bothT1 andT ′

1 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. 8(a) shows the amount of TX cancellation for each of the RX
antennas as a function of transmit power. We observe a one level
TX cancellation results in 22 - 30 dB of self-interference cancella-
tion for each of the RX antennas. Similar TX cancellation results
were also observed in [6]. We further observe that the cancella-
tion results remain relatively flat across different transmit powers,
revealing that the amount of cancellation does not depend onthe
TX power, but depends on the precise placement of the TX and RX
antennas.

Receive Cancellation.In this experiment, we fix the receiving
antenna pair asR1R

′

1, and measure the amount of receive self in-
terference cancellation for each of the transmitting antennas. Since
we observed in Fig. 8(a) that the amount of cancellation doesnot
depend on the transmit power, we use a fixed transmit power of 15
dBm. We first measure the received signal power when onlyR1

is connected to the spectrum analyzer. Next we measure the re-
ceived signal power whenR1 andR′

1 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. 8(b) shows the measured RX cancellation values. Similar to
TX cancellation results of Fig. 8(a), we observe that one level RX
cancellation can provide cancellation values between 20 to30 dB.
We also observe that although cancellation measurements are per-
formed at different time instants, symmetric transmittingantennas
observe almost symmetric cancellation values.

2-Level and MIMO cancellation. We now perform experi-
ments to validate if the two levels of cancellations are additive, and
further measure the cancellation results when more than oneTX
antenna pair is transmitting (i.e., MIMO). We measure the 2-Level
cancellation results, by measuring the resulting amount ofcancel-
lation for eachTiT

′

iRiR
′

i combination. We measure MIMO can-
cellation by activating all transmit antennas while usingRiR

′

i for i
= 1... 3 (i.e., 3x1 MIMO). MIMO cancellation results in Fig. 8(c)
are shown asTallRiR

′

i.
Fig. 8(c) shows the 2-Level and MIMO cancellation results. The

x axis in Fig. 8(c) is thei variable, denoting the receiving antenna
pair for both 2Level and MIMO cancellation. Fig. 8(c) reveals that
the 2-Level combination can provide up to 45 dB of cancellation.
This in turn verifies thatRX cancellation after TX cancellation pro-
vides additive cancellation gains. Fig. 8(c) also shows that when all
three antenna pairs are active, the 2-Level cancellation gains reduce
by up to 5 dB. Note that if the second active antenna pair causes
interference levels equal to noise power atR1R

′

1, the resulting ob-
served cancellation atR1R

′

1 would decrease by 3 dB. In order for
T2T

′

2’s addition to have no impact onR1R
′

1, the resulting interfer-
ence should be far lower than noise power. Further, note thatwhile
one additional transmit pair can cause 3-4 dB of additional inter-
ference, with two 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 relay setup, all nodes are
MIMO capable. In the point-to-multipoint architecture, the AP has
multiple antennas, whereas the clients each have a single antenna.
We consider theRF Chain Conserved(RC) model in which both
MIDU and HD-MIMO have the same number of TX/RX RF chains
(AC model discussed in Section 5.4.2).
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Figure 8: (a) TX cancellation, (b) RX cancellation, (c) 2Level and MIMO cancellation; (d) Impact in far-field.

5.4.1 Relay Architecture
We first consider a setup in which a HD-MIMO node (N2) acts

as a relay between two hidden HD-MIMO nodes (N1 andN3).
Fig. 9(a) depicts our experiment setup. We next consider thecase
in which the relay node (AP) is a MIDU node. Note that when
a MIDU node is considered as a relay,N1 andN3 can be active
simultaneously. Thus, the architecture would be similar toa Point-
to-Point (PtP) MIDU link with zero self-interference at thesecond
node.

Performance Metric. We use the signal to noise plus interfer-
ence ratio (SINR) observed by each receiving antenna, or thecor-
responding shannon capacity (C) as our performance metric. For
a PtP MIMO link withN TX and N RX antennas, we measure
the SINR for each receive antenna and calculate the corresponding
shannon 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. 9(a).
Thus, the aggregate capacity of the HD-MIMO system is equal to
C

HD−MIMO

N1N2

2
+

C
HD−MIMO

N2N3

2
. 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 toCMIDU

N1N2
+CMIDU

N2N3
.

Note that the overall end to end throughput of a system is de-
pendent on the specific MAC protocol implementation (e.g., rate
adaptation) and is an active research area. Shannon capacity is a
measure of physical layer capacity 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 implementationall the phys-
ical layer processing is done at the relay node (N2). NodesN1 and
N3 are located such that they have a strong SNR at the relay station
(AP), however, they are hidden from each other. Each of the nodes
in the relay architecture of Fig. 9(a) has3 TX RF chains and3 RX
RF chains.

During N1 → N2 transmission, each independent data stream
is transmitted from a separate antenna atN1. The relay node first
obtains the channel information between its three RX antennas and
the transmitting antennas atN1. It then employs a standard tech-
nique termedzero force (ZF)[17] filtering to separate the received
streams. DuringN2 → N3 transmission,N3 receives interference
free streams on separate receive antennas. Similarly, the relay node
first obtains the channel information between its three antennas and
the receive antennas atN3. It then uses ZF beamforming to trans-
mit independent streams to each ofN3’s receiving antennas. In
our ZF implementation, equal power is assigned to each ZF weight
vector (for details of ZF filter/beamformer refer to [17]).

N2 → N3 SINR Measurement. We use the Received Signal
Strength (RSS, in dBm) value reported by the radio boards forour
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Figure 9: (a) Relay architecture, (b) Capacity.

SINR measurements. We take the following approach to measure
the SINR for a receiving antennak atN3. The MIMO transmitter
(N2) first performs ZFBF by maintaining the power associated to
k, and setting 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 tok as zero and
maintaining the powers associated to the other receive antennas.
The measured RSS value would then correspond to the noise and
inter-antenna 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 N2 transmis-
sion, the AP is responsible for separation of the data streams in the
base band. In order to measure the SINR for a streamk, the MIMO
transmitter first only transmits streamk, and the receiver applies
the ZFBF weights to obtain the received signal samples (yk). The
base-band signal power (Ps) is then calculated asE{yky∗k} (*
denotes the conjugate transpose). Next, the MIMO transmitter (N1)
sets the power allocated to streamk as zero while maintaining the
power associated to the other streams, and the receiver usesthe
previous weights to obtain the interference samples (zk) caused by
other streams. The base-band interference power (Pi) is then cal-
culated asE{zkz∗k}. We report the 10× log10

Ps

Pi
as the SINR

value.
MIDU Implementation. We change the antenna configuration

at the AP to a two level antenna cancellation scheme as described in
Section 4. We keep nodesN1 andN2 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 → N3 SINR Measurement in MIDU
is similar to HD-MIMO. However, the imperfect self-interference
cancellation can reduce the performance ofN1 →N2 transmission.
In our implementation of MIDU on the WARP boards, we observed
only 4-5 dB of SI remaining above the noise floor as reported by
the WARP boards.



This remaining SI is due to the presence of multi-path compo-
nents in our environment which can be suppressed by employing
conventional digital cancellation techniques [10, 11, 12]. However,
given the remaining small margin for SI suppression with WARP,
we do not consider it in our implementation. Thus our resultswould
be a lower bound on MIDU’s performance.

We measure theN1 → N2 SINR similar to HD-MIMO SINR
measurement. However, during noise measurement for streamk,
we also activate the transmittingN2 streams to measure the com-
bined impact of SI and received inter-stream interference.

Evaluation. Fig. 9(b) depicts the aggregate capacity of HD-
MIMO and MIDU as a function of the number of independent data
streams. We first observe that MIMO capacity does not scale lin-
early as the number of data streams is increased. In fact, while 2
streams increase the aggregate capacity by80% compared to hav-
ing only one stream, three streams decrease the aggregate capacity
by 7% compared to having only two streams. This is due to MIMO
capacity saturation when all degrees of freedom are used as dis-
cussed in Section 3. When all degrees of freedom are used to en-
able spatial multiplexing, per-link SINR can potentially decrease,
decreasing the benefits of spatial multiplexing.

Fig. 9(b) also compares MIDU’s performance to the HD-MIMO
scheme. We observe similar capacity saturation trend due tothe in-
corporation of MIMO. However, we observe that MIDU on average
increases HD-MIMO’s capacity by over80%.

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 singlean-
tenna for transmission or reception. The clients are placedin 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 fixed anten-
nas. In addition, the AP uses all of its antennas to transmit (receive)
to (from) up to 3 clients. We denote an MxN transmission strategy
by the AP, as a scheme in which the HD-MIMO AP transmits to
M clients during downlink, and receives fromN clients during up-
link. For a givenM andN , we selectM out of the six clients as
our downlink clients, andN among the remaining clients as our
uplink clients, and measure the resulting capacity. We denote the
resulting capacity byCHD−MIMO

M×N . For a givenM andN , there
are

(

6
M

)

×
(

6−M

N

)

different selections. We repeat the same ex-
periment for all possible client selections, and denote theaverage
capacity asC̄HD−MIMO

M×N . Finally, we repeat the experiment for
all selections ofM = 1, 2, 3 andN = 1, 2, 3 leading to a total of
500 sub-topologies. Our capacity measurements are based onthe
measurement setup in the previous subsection. However, instead
of obtaining the channel matrix from multiple antennas at a sin-
gle node, we obtain the channel information from multiple single
antenna clients and use the ZF technique accordingly.

We next change the antenna configuration to the setup described
in Fig. 6(b), and perform the same set of experiments with a MIDU
AP. Note that in an M×N transmission scheme by MIDU, theM
downlink clients andN 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
interference on the downlink clients. Thus, when measuringinter-
stream interference for each of the downlink clients, we also ac-
tivate all of the selected uplink transmissions to accurately mea-

sure the resulting interference at the downlink nodes. We denote
MIDU’s average M×N capacity as̄CMIDU

M×N .

Evaluation. Fig. 10(a) plots the cdf of all the CMIDU

CHD−MIMO val-
ues across all possible 500 sub-topologies. According to the results
shown in Fig. 10(a), MIDU achieves a better performance com-
pared to HD-MIMO in over 80% of all the sub-topologies. In addi-
tion, for almost 60% of all sub-topologies, MIDU gains over HD-
MIMO by at least 20%.

Fig. 10(b) shows the averagēCM×N results for differentM and
N values. We first observe that MIDU provides larger gains com-
pared to HD-MIMO when total number of uplink (UL) and down-
link (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 thus full duplex (FD) can provide significant
gains.

In order to better understand the impact of UL→DL interference
problem in FD we also plot: (1) cdf of the CMIDU

CHD−MIMO for M =
3 and varying number of uplink clients in Fig. 10(c), and (2) the
maximum HD-MIMO and MIDU capacities over allM ×N sub-
topologies as a function of maximum allowedM andN . Two key
inferences can be made:

From Fig. 10(c) we observe thatin order to leverage the maxi-
mum gains form FD, the number of streams on DL and UP must be
kept dis-proportionate (asymmetric)This is because, if the num-
ber of UL (DL) streams from (to) HD clients is increased for a
fixed number of DL (UL) streams, then it increases the interference
faced by the clients receiving DL streams, thereby limitingFD per-
formance significantly. While this limitation is alleviated with FD
clients, it cannot be avoided.

From Fig. 10(d) we observe thatFD yields diminishing gains as
the number of streams is scaled in either direction.Note that, when
the number of streams is small, it is possible 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 addi-
tional fewer 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 indicate the re-
stricted nature of FD gains in sigle cell MU-MIMO (due to 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, computational complexity, supported mini-
mum SNR, etc. For example, Arraycomm [1] APs (base stations)
only supportup to 4 streams simultaneously, with 12 antennas at
the AP. This implies that FD can provide significant gains under
the RC (RF Chain Conserved) model in realistic PtMP architec-
tures. 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 scenar-
ios.

To contrast these results with the single-link results in Section
5.4.1, FD has significant potential under both AC and RC mod-
els in single-link scenarios such as back-haul, relay, meshnetwork
links (owing to the lack of DL-UL interference), and single-cell
SU-MIMO (which is still predominantly considered in cellular net-
works due to complexity of scheduling and realization of MU-
MIMO gains).

6. IMPLICATIONS FOR MAC DESIGN
Challenges: Our previous result in Fig. 10 clearly reveals the
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Figure 10: (a) CDF Overall, (b) CM×N Comparison, (c) CDF with 3 downlink clients; (d) Capacity with maximum allowed M and N.

need for scheduling on a MIDU node to identify opportunitiesfor
FD gain. While the design of a scheduler (MAC) for single cell
MU-MIMO (client selection and precoding) is challenging inits
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 without compromising on performance.

Insights: To ensure that our inferences are not specific 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 hundreds of channel realiza-
tions.

We perform simulations with 8 uplink and 8 downlink clients,
and with varying number of antennas. Since we assume 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 define the ergodic DL capacity [14] for a given num-
ber of antennas as the HD-MIMO capacity. Next, for a given se-
lection 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 ca-
pacity is then averaged over all UL user combinations for a given
total number of UL users and across all different channel realiza-
tions.

Fig. 11(a) depicts the corresponding throughput gain of FD to
HD-MIMO. From Fig. 11(a) we observe that as the number of an-
tennas and therefore the number of DL streams increases, theFD
gains decrease. We further observe as the number of the uplink
clients increase, 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 different
channel realizations. For a given number of antennas and foreach
channel realization, we calculate the maximum FD gain, as well as
the number of uplink clients that result in the maximum FD gains.
F.g. 11(b) depicts the average maximum Fd gain as a function of
number of uplink clients, while Fig. 11(c) depicts the number of
uplink users that result in maximum FD gains. From these results,
we observe that as the number of streams in DL direction is in-
creased, only a small number of clients in the reverse direction can
be scheduled simultaneously. In fact, the results in Fig. 11(c) show
that with six downlink streams, in more than 90% of all channel
realizations only one uplink client provides additional FDgains,
and none of the realizations achieved FD gains with three or more
uplink clients.

Our simulation results presented in this section indeed re-emphasize
our earlier inferences in Section 5.4.2. Hence, for maximalbenefits
in single-cell networks, where MU-MIMO operation is feasible, it
is better tooperate FD in small, asymmetric configurations - where

Freq (GHz) 2.484 2.474 2.464 2.454
Cancellation (dB) 45 38 17 9

Table 1: Phase shifter frequency response impact on cancellation.

the maximum number of streams is kept small in either direction,
while the active number of streams between DL and UL is kept dis-
proportionate.

Scheduling Strategy:Guided by these conclusions, one can de-
vise the scheduler to look only at asymmetric configurationsfor
FD when the number of streams is small. This significantly re-
duces the search space for client selection on DL and UL for FD,
making it comparable to MU-MIMO scheduling. Thereafter, con-
ventional MU-MIMO scheduling and precoding algorithms [4]can
be directly employed in either direction to evaluate the relative ben-
efits of FD-MIMO over HD-MIMO and select the better strategy.
On the other hand, when the number of streams is large, the sched-
uler can directly employ MU-MIMO.

7. DISCUSSION
Wide Bandwidth. Our implementation of MIDU cancels 45 dB

of SI over a 625 KHz bandwidth signal. However, most of the cur-
rent and future technology standards use bandwidths much higher
than that (e.g., up to 20 MHz LTE and 40 MHz 802.11n). There-
fore, it is important for SI cancellation techniques to cancel SI over
wide-band.

We perform an experiment in which we change the center fre-
quency of the WARP boards and measure the resulting SI cancella-
tion at different frequencies. The phase shifters are tunedsuch that
they provide 45 dB of SI cancellation at 2.484 GHz. Table. 1 shows
MIDU’s SI cancellation results. We observe that MIDU provides
37 dB of SI cancellation at 2.474 GHz, implying that MIDU can
still provide over 35 dB of SI cancellation for a 20 MHz bandwidth
signal. However, at 2.464 GHz, SI cancellation is only 17 dB, lim-
iting the SI cancellation to less than 20 dB for a 40 MHz bandwidth
signal. While channel symmetry holds across different frequency
bands (as verified in Section. 5), however, a phase shifter’sability
to create a signal inverse is precise only for a small bandwidth sig-
nal. Thus, the performance of MIDU is limited by the manner in
which a signal inverse is generated. Recent research [12] suggested
that a transformer (termed BALUN) can provideπ phase shift over
large bandwidths. Therefore, one can employ a BALUN in MIDU’s
implementation to provide SI cancellation over wider bandwidths.

Impact of multi-path interference. MIDU is able to provide
45 dB of SI cancellation in an open-space indoor (less multi-path)
environment and can potentially yield higher cancellationoutdoors.
However when measured in an indoor multi-path rich environment,
we observed only 15 dB of SI cancellation. While MIDU can help
with SI cancellation of the LoS component, however, channelsym-
metry may not hold for strong NLoS components. In such scenar-
ios if the additional level of suppression required is less than 25 dB,
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Figure 11: Large-scale simulations of FD gains in a single-cell architecture.

Figure 12: (a) Impact of polarity on SNR, (b) Example Tx and Rx
antenna placement on different polarity lines

digital cancellation would suffice. However, if more cancellation is
required, then estimation and compensation of the SI channel be-
comes necessary. One can employ a pseudo analog cancellation
approach [7] for this purpose. While this approach by itselfis not
sufficient to provide the desired level of cancellation (as discussed
in Section 2), it can be combined with MIDU to address multi-path
without comprising on its scalability. However, note that other ana-
log cancellation approaches (e.g.,[12]) can not be employed as they
incur the limitation of scalability, and sensitivity of SI compensa-
tion for wide-band frequency-selective channels.

Antenna Type and Polarization.In our implementation of MIDU,
all dipole antennas were placed on a flat surface on two perpendic-
ular straight lines. Therefore, all TX and RX antennas have the
same polarization. We perform an experiment in which we first
measure the SNR when two TX and RX antennas are located on
a straight line with a distance of 40cm. We next rotate the RX
antenna as depicted in Fig. 12(a) such that the RX antenna hasa
90◦ polarity with respect to the TX antenna and measure the SNR.
We observed an average value of 10 dB reduction in SNR. Due to
the symmetric structure of MIDU, one can envision a placement of
antennas in which TX and RX antennas have orthogonal polariza-
tion. We depict an example such antenna placement in Fig. 12(b).
Therefore, we can use antenna polarity in order to further reduce
the self-interference.

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

8. CONCLUSION

We presented the design and implementation of MIDU, the first
MIMO full duplex wireless system. We showed that MIDU’s de-
sign allows for 2 level of antenna cancellation in tandem, elimi-
nates the need for variable attenuators and delays, and mostimpor-
tantly easily scales to MIMO. We also implemented a prototype of
MIDU, and compared its performance to HD-MIMO. Our results
revealed that MIDU has significant potential in both point-to-point
and point-to-multipoint schemes. We also provided guidelines for
scheduling in practical MIMO full duplex implementations.
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