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ABSTRACT General Terms

Recent works have considered the feasibility of full duplex Design, Performance
(FD) wireless communications in practice. While the first
FD system by Choi et.al. relied on a specific antenna can-
cellation technique to achieve a significant portion of self 1. INTRODUCTION
interference cancellation, the various limitations o§tigich- A full-duplex wireless device that can transmit and receive
nique prompted latter works to move away from antenna at the same time in the same frequency band by definition
cancellation and rely on analog cancellation achievediino ~ would need at least one Tx and one Rx antenna. The key
channel estimation. However, the latter systems in turn re- challenge in realizing such a device lies in addressing the
quire the use of¥ariable attenuator and delay elements that self-interference generated by the Tx antenna at the Rx an-
need to be automatically tuned to compensate for the self-tenna. As an example, consider a WiFi signal with a transmit
interference channel. This not only adds complexity to the power of 20 dBm. A Tx-Rx antenna separation of about 6-
overall system but also makes the performance sensitive to8 inches results in a path loss of about 40 dBm (depending
wide-band channels. More importantly, none of the existing on channel characteristics), resulting in a self-interfiee of
FD schemes can be readily scaled to MIMO systems. at least -20 dBm. With a noise floor around -93 dBm, one
In this context, we revisit the role of antenna cancellation would further require a self-interference cancellatiorabf
in FD communications and show that it has more potential least 73 dB to be able to decode the desired received signal.
in its applicability to FD than previously thought. We advo- While one can solely employ digital interference cancella-
cate a design that overcomes the limitations that have beertion techniques, current ADC’s do not have a resolution to
pointed out in the literature. We then extend this to a two- pass a received signal which is 73 dB less than the noise
stage design that allows both transmit and receive versibns floor. Hence, several practical full duplex (FD) systems [1,
antenna cancellation to be jointly leveraged. Finally, we i 2, 3] have been proposed that couple RF cancellation along
lustrate an extension of our design to MIMO systems, where with digital cancellation to achieve the desired level df-se
a combination of both MIMO and FD can be realized in tan- interference suppression.

dem. Choi et. al. [1] proposed an architecture that used a com-
bination of RF cancellation and digital cancellation tech-
Categories and Subject Descriptors niques. RF cancellation included both antenna as well as
. . ' analog cancellation (using noise cancellation circuite))-
C.2.1 Network Architecture and Design]: Wireless Com- g (using "

tributing around 30 dB and 20 dB of cancellation respec-
tively. With an additional 10 dB from digital cancellation,
this resulted in a total of 60 dB suppression. Although not
sufficient for WiFi, this was sufficient to enable FD commu-
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lation approach were pointed out by the same authors in [2]: Tx Rx Rx T
(i) the dependence ok allows for maximum cancellation Rx, 2 T X2
only at the center frequency, with performance degrading fo ‘
frequencies away from the center - a problem for wideband L | 7 T2
systems; (ii) employing an additional antenna may not jus- Combiner splitter

tify the gains compared to a 3x3 MIMO system, and (iii) due
to asymmetric antenna placement, manual tuning of ampli-
tude and phase of the closer Tx antenna is required to achieve
a null, which prevents real-time operation.

To avoid the above limitations, the authors moved away Figure 1: Antenna Cancellation.
from antenna cancellation and instead proposed the use of
a two antenna (one Tx, one Rx) scheme [2], where a form
of analog (BALUN - balanced to unbalanced transformer) N2 Tx-Rx antennas. This in turn results in the useNdt
cancellation was used. A BALUN element acts aspghase variable delays and attenuators, each of which has to be auto
shifter, which was shown to have a better frequency responseiuned and adapted to track theé self-interference channels,
over a wideband compared to thedependent phase shift Which seems practically infeasible.
created using an asymmetric antenna placement. BALUN Based on our observations on the limitations of existing
cancellation was shown to yield 40-45 dB of cancellation; FD schemes, we propose and justify antenna cancellation
this coupled with 30 dB cancellation using digital cancella With symmetric placement of antennas be considered as a
tion provided the desired level of self-interference segpr ~ Primary RF cancellation technique. Specifically, for a &ng
sion for WiFi signals. However, such a design encounters the Stream transmission we propose antenna cancellation with
following limitation. While a BALUN element can create a & symmetric placement of either two Rx antennas and one
negative copy of the transmitted signal that can be apptiedi  TX antenna (which we refer to as Rx antenna cancellation),
ternally to cancel self-interference, one also needs toiadtc ~ OF two Tx antennas and one Rx antenna (which we refer to
for the wireless channel between the Tx and Rx antennas.as Tx antenna cancellation), each of which is a dual of the
For this reason, a variable attenuator and delay element areédther. We show that this design could provide large self-
also needed on the path' which in turn have to be auto_tunedinterference cancellation with the fOIIOWing advantages:
and adapted to track the self-interference channel. This no () It leads to the possibility of a two-level design where
only makes the design complicated but also the performanceTX antenna cancellation is followed by a Rx antenna can-
quite sensitive to wide-band channels. A|th0ugh with man- cellation with the theoretical potential to double the ante
ual tuning it is shown that 40—45 dB cancellation could be cancellation gains because of its additive nature.
achieved, in practice, auto-tuning leads to only a 20 dB can- (P) The design scales very easily to MIMO systems which
cellation [2]. Other works on FD implementations such as would then enable the co-existence of MIMO with FD.
Duarte et. al. [3] and Sahai et. al. [4] also do not consider (€) The design could potentially eliminate the need for any
antenna cancellation but consider hybrid schemes where arpther form of analog cancellation which seems limited in
estimate of the self-interference signal in the digital dam  Practice due to the need for variable attenuators and delay
is combined with a negated copy of the transmitted signal in €lements and its subsequent lack of scalability to MIMO sys-
the analog domain to achieve cancellation. This along with t€ms.
digital cancellation was shown to yield only about 35 dB of ~ Next, we discuss our proposal for a two-level antenna can-
cancellation, falling short of the desired target. cellation design and show how it could easily be extended to

Next generation wireless devices (access points, base staMIMO systems. Then, we discuss practical aspects of the
tions, etc.) are expected to be equipped with multiple anten Proposed technique, and provide preliminary measurement
nas (more than two) Hence, it is important to design a FD results to substantiate some of our conclusions and hlghllg
scheme that can co-exist with MIMO. We observe that exist- the applicability of FD in indoor and outdoor scenarios.
ing antenna cancellation [1] and analog cancellation [2] ap
proaches cannot be readily extended to MIMO systems. Al- 2 THE CASE FOR SYMMETRIC ANTENNA
though one might envision an extension of [1] using two TX PLACEMENT
and one Rx antenna for every transmitted/received MIMO
stream, this would require antennas to be placed such that We now present our antenna cancellation approach which
each of the Tx pairs (for each stream) lead to self-interfeze IS based on a symmetric placement of the antennas. Fig-
Signa|s Wh|Ch are 180out Of phase aeVeryRX antenna. ure 1(a) illustrates our Rx antenna Cance”ation, where two
However, such an antenna placement cannot be realized folRx antennas are placed symmetrically at a distahfrem
a MIMO system using the approach in [1] (discussed in Sec the Tx antenna. The signal received from one of the receive
2). On the other hand, analog cancellation in [2], when ex- @ntennas is phase shifted internally using a fixegdhase
tended toN stream MIMO, will potentially require one to shifter before being combined with the other receive sig-

estimate the self-interference channel between everyopair Nal to help nullify the self-interference signal. Similar t
Rx antenna cancellation, we can also have an analogous Tx

a) Receive Cancellation b) Transmit Cancellation



antenna cancellation as shown in Fig. 1(b). While the ba-
sic antenna configuration for cancellation is simple, we now '
highlight its significant potential to address the limiteis

of existing FD schemes. More importantly, we show how o
it can be extended to two levels of antenna cancellation anc °|”
leveraged in tandem with MIMO - previously not addressed *°|
in the literature.
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2.1 Advantages of Symmetric Antenna Place-
ment a) Phase Offset + Antenna Spacing b) Only Antenna Spacing

Compared to the transmit antenna cancellation in [1], where Figure 2: Loci of Null Points.
ther phase shift was realized with asymmetric placement of
Tx antennas{and/ + %), our approach has the following
advantages.

(a) Bandwidth Dependence: Moving thephase shift inter-
nally alleviates the bandwidth dependence (dug)tof an-
tenna cancellation. Further, fixedphase shifters have sig-
nificantly better frequency responses over wide bandwidths
compared to variable ones.

(b) Tuning: Since the received powers are similar, this@soi
the need for tuning of attenuation and phase of the self-2 2  Understanding Antenna Cancellation
interference signal; otherwise required to counteragbtveer
difference due to asymmetric antenna placement.

Further, unlike [2], our approach does not require estima-

. ) said to be “nulled™ when two copies of the signal addut
tion of the self-interference channel between Tx and Rx an- ) .

. of phase to cancel each other, thereby pushing the received
tennas and hence the need for variable attenuators and dela

lines. [2] uses a BALUN to generateraphase shift inter- Xlgnal strength to or below _the noise flopr_. Let us consider
) . . transmit antenna cancellation for explaining the concepts
nally. However, in the absence of antenna cancellatios, thi

is not sufficient and variable attenuators and delay lines or There are two parameters affecting the nulling process: rel

. = ative phase and amplitude of the transmitted signals at the
tunable RF cancellation circuits are needed to compensate ~_~. : ;

. receiver. The relative phase between the two signals could
for the self-interference channel.

AT . : . be further controlled either by directly introducing a pbas
One limitation that was raised with respect to symmetric offset () to one of the signals and/or by varying the relative
antenna cancellation in [1], is itsmipact on far field signals 9 yvarying

[1] advocated the use of asymmetric Tx antenna spacing (in_distance between the transmit antennas with respect to the

stead of internal phase shifter) to generate the requiraggh receive antenna._ .
; S . . - Let d; be the distance between the two Tx antennas, with
shift of m between the transmit signals owing to its ability to

cause less destructive interference in the far field. Howeve d; andd; denoting the distance of the two transmit antennas

the simulations used to highlight this observation relied o Wlth respect to a receive p_omt respe_ctlvely. First, we con-
. X sider the set opotentialreceive null points, where there is a
a free space path loss model for the far field which does not .
. . . ) : . phase offsety = w. Whether these null points can be real-
hold in reality (see experiments in Section 4). While the-self . . ) .
. o zed in turn depends on the relative amplitude of the signals
interference channel can be modeled as free space, itis well SO
. : as well, which is discussed subsequently. Now the set of po-
known that the far field channels (indoors or outdoors) from : oo ; : !
. ) X X tential null points in a two-dimensional plane can be defined
the transmit antennas experience indepedent (Rayleigh) fa : o
; ' . . . as the locus of the points satisfyihgy — d2| = kX for some
ing at any far field receive point. Hence, asymmetric antenna . : . .
) . ._integerk and includes the following (see Fig. 2(a)).
spacing does not provide any advantage over a symmetric
placement (with internal phase shifter) with respect to im- e The perpendicular bisector (PB) of the line joining the
pact on far-field. Analogously, in our symmetric receive an-  transmit antennas (i.@; = ds = d—zt).
tenna cancellation (with an internalphase shifter), while ¢ A setof hyperbolas with the transmit antennas as the focal
the received signals from the node’s own transmit antenna  points. Each hyperbola intersects the line connecting the
experiences a free space channel, it experiences indegende two transmit antennas at points that @9 ke Z>

quires an extra passive antenna element together with a fixed
phase shifter and the overhead is not comparable to a MIMO
system. If at all any comparison should be made, it should
be with a 2x2 MIMO system (as in [2]).

We now provide a brief discussion on some of the proper-
ties pertaining to antenna cancellation, that will be lagexd
in our extension to two level cancellation as well as MIMO.

To leverage antenna cancellation effectively, it is impor-
tant to understand the notion signal nulling A signal is

fading when the transmit signal is generated from far field. 1 from the mid-point towards either one of the transmit
Comparison with MIMO: In general, antenna cancella- antennas.

tion requires an extra antenna which [2] believed may not be e If d; = mJ, in addition to the above points, all points on

justifiable compared to a 3x3 MIMO system. MIMO trans- the line passing through the two transmit antennas besides

missions require each antenna to have a Tx/Rx RF chain, those lying in between them also contribute to the set of
which is not the case here; antenna cancellation merely re- potential null points.



R, ——9 Rx Gainimbalance Given that the above properties of transmit antenna can-
7 cellation (based on phase offset) analogously apply to re-
ceive cancellation as well, we can easily extend our prapose
scheme to employ two stages (transmit and receive) of an-
tenna cancellation in tandem. In the first stage two transmit

Tx,

/
: e '—[
/ ¢
/ 7

Jaulquos
splitter

/f' Rx, /f , ol / eﬁ;,,/ antennas transmit at equal power anaut of phase sig-

Vi L / W , nals that destructively interfere at any point on the PB of
| e — the transmit antennas. Now, place two RX antennas sym-
A= s/ R metrically on the PB of the transmit antennas as shown in
e Phase shifer ™ phaseimbalance Fig. 3(a), such that the TX and RX sets of antennas are on

a) Two Level Placement b) Imprecise Placement each other’s PB. While the transmit signals add destrugtivel

at each RX antenna, the signals received from the two RX
Figure 3: Two Level Antenna Cancellation. antennas are further combined 180 degrees out of phase to
provide the second level of antenna cancellation. Note that

) . . though four antennas are employed to achieve two levels of
To understand scenarios where relative phase is controlled; yienna cancellation. the number of RF chains used is still

only with the help of antenna spacing (i.e. phase oftset, only two (for forward and reverse streams).

0), we note that the locus of the potential null points is now e isolation (in dB) achieved by these two stages of can-
defined as those satisfyinid, — d»| = 252 and consist  celation are additive in theory although in practice the-can
of (see Fig. 2(b)), celations might not be perfectly additive. In fact underide
conditions even a one stage cancelation should provide a per
fect null. However, gain imbalance or a slight phase offset
between the signals may prevent us from achieving a per-
fect null, wherein a residue of the self-interference signa
remains. We can now establish the following property.

. PrROPERTY 1. Under small gain imbalance and/or phase

points on the line passing through the two transmit an- offset (from imprecise antenna placement or imperfect RF

tenna besides those lying in between them also contributed€vices) between the transmit and receive cancellatidmspat
to the set of potential null points. the self-interference cancellation provided by two lewals

antenna cancellation are additive (in dB scale).

Now for a pOtential null pOint to be realized, the two trans- PrROOE Consider the antenna p|acement in Figure 3(b)
mit signals must arrive at the receive point wétualampli- -~ e model the imprecision in antenna placement with small
tude butr out of phase. Due to symmetry, this can be easily geviation in distances asandd + ¢ for the 2 TX antennas
achieved on the PB with an equal transmit power from the g the horizontal axis, andande + 6 for the 2 RX anten-
two transmit antennas. Hence, all null points on the PB are nas on the vertical axis(§ < d,e ). We also model the
realizable. However, for a null point on a hyperbola, it is jmprecision in the RF circuitry by considering small phase
easy to see that dlfferent transmit powers.wnllbe required gifferencesd; andé, and gain differences; anda, in the
from the two transmit antennas. Further, this will vary from  transmit and receive cancelation circuits, respectivélye

one point to another on the same hyperbola as well as acrosseceived signaj/(t) at timet can now be written as
hyperbolas. Hence, for a fixed (potentially different) san y(t) = Apz(t)edrletton) 4 A g (t)el @rlettdz)

mit power from the two transmit antennas, at most two null i(2m fut i(2m fot
poinr?cs on each hyperbola may be realizable. Note that we + Ana(t)e/ OO 4 Ay (t)el BT
do not have null points on the PB when# w. Given that wherez(t) is the baseband signdl, is the transmission fre-
the null points on the hyperbolas are hard to realize, this quency, and4;; and ¢;; denotes the gain and phase shift
limits the applicability of asymmetric antenna spacingdzhs  of the signal transmitted from transmit antenna receive
approaches (eg. [1]) to two level antenna cancellatiors; thi antennaj under free space path loss model. Note thgt
limitation is compounded in the case of MIMO. This impor- and ¢;; include the gain imbalance and phase imprecision
tant property of realizing null points on the PB when trans- caused by RF circuitry as well as imprecise placement of
mit signals are phase shifted his leveraged later for two  the antennas. Let;; denote the distance between transmit
purposes: (1) extend the transmit antenna cancellation to aantenna to the receive antenna .
two-level transmit and receive antenna cancellation sehem We havedi = V/d? + ¢2, diz ~ di + i’
and (2) to realize FD communication in tandem with MIMO.

e A set of hyperbolas with the transmit antennas as the fo-
cal points. Each hyperbola intersects the line connect-
ing the two transmit antennas at points that 3@#,

k € Z,> 1 from the mid-point towards either one of the
transmit antennas.

o lIf dy = M, in addition to the above points, all

d d e
do1 = d11 + —¢€, doa = di1 + —e+ —90
di1 di1 d11

3. TWOLEVEL CANCELLATIONAND MIMO For gain, we haved:; = A(%)Q, App = Aar(%)Q = Arraiz,
2
3.1 Two Level Antenna Cancellation whereaiz = ar (%) ~ ar (1 - ?)



linear antenna array configurations. In particular, to gene
ate aN x M MIMO+FD system, we start by placing two
sets of antennas\{ transmit andV/ receive) on two perpen-
dicular axis to allow forN x M MIMO (in each direction

of FD) as shown in Fig. 4(a){V,M) = (4,3)). Then, to
enable thigV x M system with full duplex, we use an equal
number of transmit) and receive /) canceling anten-
nas 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 cancelling anten-
nas will add out of phase at each of the receive antennas in
the first stage of cancellation. The composite received sig-
Figure 4: Extension to MIMO; Expt Set-up nals at each of th&/ receive antennas are then further com-
bined out of phase with their respective cancelling antenna
to provide the second level of cancellation. It is worth poin

O Tx antenna
m Rxantenna
@ Canceling Tx antenna

B Canceling Rx antenna

a) 2 Level AC + MIMO (4x3) b) Receive Cancellation Expt

Similarly, Ag; — Aat(@)g — Ajras; ~ Ajra (1 _ ?) ing out that only such _symmetric antenna_configurations can
21 11 be extended to generic MIMO systems without the need for
Now, it can be shown thatls — Aatar(@)g ~ Ayyaisao: var.|able attenuators and delay elements. Agam note that,
da2 while 2(N + M) antennas are employed for achieving two
2nd11 2mds2 levels of antenna cancellation with FD, the total number of
For phase = , =(m+6r)+ =m+ + . . . o .
Phasegs X (r ) A kot RF chains required is onlyv + M, which is the minimum
2mdo1 required to enabléV x M MIMO communication in either
=(r+0)+——=7+ + ; ; ;
¢ = (r+6.) A Thon e direction. Fig. 4(a) shows the antenna structure for a 4x3
2rd +
We now havega: = (4 00) + (x4 00) + 2 = gy 61y 16y MIMOFFD Rode.

In one-stage receive antenna cancelation (TX2 is not trans—3'3 Comparison with Analog Cancellation

mitting), the received signal can be manipulated as The fixed phase offset af between copies of the transmit
yi(t) ~  Apa(t)edPrltton) (1 — ihz) (receive) signals in our design can be accomplished with the
(2 fut+biz) help of a splitter (combiner) and a fixetphase shifter. Note
+ All(a12 — 1)x(t)ej ¢ 12 . . .
that the insertion loss of the phase shifter has to be compen-
Similarly, in one-stage transmit antenna cancelation (X2 ~ sated in the other signal path. Alternately, the splittene
not receiving), the received signal can be manipulated as  biner) and phase shifter can be replaced by a BALUN if its
Yo (t) & Apya(t)ed Crfetton) (1 — giden) frequency response is more flat over the desired band. A
(2 fut+dan) key feature of our design is that with two levels of antenna
+ A11(CL21 — 1)1@)6] mfett o ; : ; :
cancellation, we could potentially avoid analog canclfat

For our two-stage cancelation, we can denote and the consequent use of variable attenuators and delays.
y(t) ~ Apz(t)edCrfetten) (g _ gitiz) This is important in a practical system for several reasons:
@ fottdia) (i) estimating the self-interference channel in a wideéan
+ An(ar - 1)7’(t)e - frequency selective channel cannot be accomplished effec-
+  Agya(t)e? Crfettoan) () _ eitiz) (1) tively with a single variable attentuator and delay lin®; &i
. e AT2 ;
+ Asi(ars — l)x(t)ej(waCH»g/)Qg) N x N MIMO sy;tem woulq reqwré{ varlablleattenuators
J(@nfutt ) it . and delays, while our design requires ofNyfixed = phase
~ Anz(t)e (1 =) — ™) shifters; and (iii) while our design employs only opassive
4+ Ayi(ar — D)a(t)e? Crfettz) (q _ pitar) RF component, variable attenuators and delays are typicall
+ An(as — l)x(t)ej(27rfct+¢21) (1 — i) realized with the help adictiveRF components Sl_Jch as volt-
(27 fut-t o) age controlled attenuator, programable delay lines, ete. A
+ An(arz — (a1 — Da(t)e 77 tive RF components have relatively poor frequency response

We havel(t) ~ v1(t) w2(t) wherei(t) = Anx(t)ej(%fctwu)’ in wide-bands and introduce RF active noise and hence must

z(t) ~ z2t) z(t)’ o : . . .
implying that the gains of the two stages are additive, be limited in use or completely avoided if possible.

3.2 Extensionto MIMO Systems 4. PRACTICAL REALIZATION

Realizing null points on a straight line is critical because  Our proposal for joint MIMO and FD system is to incor-
it facilitates the design of MIMO transmit and receive an- porate two levels of antenna cancellation along with digita
tenna arrays. Hence, our proposed two-level antenna cancancellation. Prior work [1] has shown cancellation of 25-
cellation solution based on phase offset can be readily ex-30 dB with asymmetric Tx antenna cancellation. While the
tended to MIMO systems by using ordinary and widely used gains from the two levels of antenna cancellation are theo-




(a) Outdoor near-field, position 1 (b) Outdoor near-field, position 2 (a) Far-field, position 1 (b) Far—field, position 1, polarized
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Figure 5: Near Field Experiment Figure 6: Far Field Experiment with Polarization

retically additive in our scheme, we expect to gain over at 10 get an estimate of the amount of RF cancellation pos-
least 50 dB net cancellation in practice from the two stages. Sible with a fixedr phase shifter, we conduct the follow-
Besides antenna placement, we can also leverage antenn#!d experiment, whose set-up is shown in Fig. 4(b). For
orientation to contribute to additional self-interferersup-  the transmit signal, we employed both a signal generator as
pression. Particularly, we can use +45 and -45 degree po-Well as a WiMAX BS that generates a signal of 10 MHz
larized antennas for transmission and reception respétiv.  Pandwidth, centered at 5 GHz carrier frequency. The signal
Antenna cancellation coupled with about 20 dB of digital Was passed through a splitter; the resulting two copies were
cancellation (as observed in [4, 3]) along with another 10 dB Passed through two phase shifter$ @ndr phase shifts re-
isolation from antenna polarization will help us achieve th ~SPectively; and then combined to observe the receivedisigna
desired target. power. Two phase shifters were intentionally used to gener-
Preliminary Experiments; Given that our main focus is ~ ate similar insertion loss on the two paths. It was found that
on antenna cancellation, we have performed some pre|im_fora0dBmtr.ansmit signal, one level of recei\(e cancelfatio
inary experiments to verify its feasibility. Note that tare ~Was able to yield as much as 55 dB suppression at the center
assumptions are critical for our antenna cancellation tkwo ~tone and up to 45 dB over the 10MHz bandwidth.
effectively: (i) channel between a Tx and Rx antenna is sym-
metric across both signal and cancellation paths (dominant5- CONCLUSIONS
LOS component in near field); (ii) channel is fading in the ~ We have highlighted the various limitations of existing
far field; and (iii) fixed phase shifters can yieldraphase = FD schemes and their inability to scale to MIMO systems.
offset for a wide-band (similar to BALUN [2]). Given that co-existence with MIMO is crucial for next gen-
We verify the first assumption by performing the follow-  eration multiple antenna devices, we propose an antenna can
ing experiment both indoors and outdoors. The received cellation approach that not only addresses the limitatadns
signal (magnitude and phase) from a transmit antenna atexisting FD schemes, but also scales readily to accommodate
two symmetrically placed receive antennas were measureckwo levels of antenna cancellation as well as MIMO. Hence,
in both the near (1 feet) and far (3 m) fields. We use WARP we advocate the proposed antenna cancellation as an impor-
boards and perform channel estimation over a bandwidth of tant candidate for next generation FD systems. However,
625 KHz for a duration of 400 microsecs with 16384 sam- several challenges remain in implementing such a system in
ples. Figs. 5(a) and (b) illustrate that while the channedma  practice, which in turn are being explored currently.
nitudes in the near-field are almost constant within the mea-
surement resolution and error of WARP boards in outdoors, 5, REFERENCES
they could vary considerably indoors (Fig. 5(c) and (d))eTh [l J. Choi, M. Jain, K. Srinivasan, P. Levis, and S. KattictAeving
measured channel phase also exhibited a similar behavior. ﬁ,'f;%'iecgﬂ?gg%'t’ ;“(J'l‘é_“p'ex wireless communication AGM
We verify our second assumption along with polarization [2] M. Jain et. al., “Practical, real-time, full duplex wiesls,” inACM
experiments. Using orthogonally polarized transmit and re Mobicom 2011Sept 2011. _ .
ceive antennas in the near field resulted in considerable iso 3l ZASIE;ig‘iﬁ;iﬁelﬁi%?gygéa;g“lg,“g;%xfrfs'ierfsssln‘;oﬂqsmgps
lation of about 10dB in our experiments. However, in the far Nov 2010.
field, the received channel magnitude at two different goint [4] A. Sahai, G. Patel, and A. Sabharwal, “Pushing the limits o
(3m away from transmit antenna) did not have any correla- ‘;“A'i‘i“p'e’“ Design and real-time implementation,"Amxiv, July
tion with polarization. Figure 6 reinforces the lack of @orr '
lation between received signals in the far field, which igtru
in the case of polarization as well.



