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A Practical Spectrum Sharing Scheme for Cognitive
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Abstract—Spectrum shortage is a fundamental problem in
wireless networks, and this problem becomes increasingly acute
with the rapid proliferation of wireless devices. To address
this issue, spectrum sharing in the context of cognitive radio
networks (CRNs) has been regarded as a promising solution.
Although there is a large body of work on spectrum sharing in the
literature, most existing work is limited to theoretical exploration
and the progress in practical solution design remains scarce. In
this paper, we propose a practical scheme to enable transparent
spectrum sharing for a small CRN by leveraging recent advances
in multiple-input multiple-output (MIMO) technology. The key
components of our scheme are two MIMO-based interference
management techniques: blind beamforming (BBF) and blind
interference cancellation (BIC). These two techniques enable
secondary users to mitigate cross-network interference in the
absence of inter-network coordination, fine-grained synchroniza-
tion, and mutual knowledge. We have built a prototype of our
scheme on a wireless testbed and demonstrated its compatibility
with commercial Wi-Fi devices (primary users). Experimental
results show that, for a secondary device with two/three antennas,
BBF and BIC achieve an average of 25 dB and 33 dB interfer-
ence cancellation capability in real-world wireless environments,
respectively.

Index Terms—Spectrum sharing, cognitive radio networks,
underlay, blind interference cancellation, blind beamforming

I. INTRODUCTION

The rapid proliferation of wireless devices and the burgeon-
ing demands for wireless services have pushed the spectrum
shortage issue to a breaking point. Although it is expected that
much spectrum in the millimeter band (30 GHz to 300 GHz)
will be allocated for communication purposes, most of this
spectrum might be limited to short-range communications
due to its severe path loss. Moreover, millimeter band is
highly vulnerable to blockage and thus mainly considered for
complementary use in next-generation wireless systems. As
envisioned, sub-6 GHz frequency spectrum, which is already
very crowded, will still be the main carrier for the data traffic
in commercial wireless systems. Therefore, it is very necessary
to maximize the utilization efficiency of sub-6 GHz spectrum.

To improve spectrum utilization efficiency, spectrum sharing
in the context of cognitive radio networks (CRNs) has been
widely regarded as a promising and cost-effective solution. In
the past two decades, CRNs have received a large amount of
research efforts and produced many cognitive radio schemes.
Depending on the spectrum access strategy at secondary users,
the existing cognitive radio schemes can be classified to
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three paradigms: interweave, overlay, and underlay [2]. In
the interweave paradigm, secondary users exploit spectrum
white holes and intend to access the spectrum opportunisti-
cally when primary users are idle. In the overlay paradigm,
secondary users are allowed to access spectrum simultaneously
with primary users, provided that the primary users share
the knowledge of their signal codebooks and messages with
the secondary users. Compared to these two paradigms, the
underlay paradigm is more appealing as it allows secondary
users to concurrently utilize the spectrum with primary users
while requiring neither coordination nor knowledge from the
primary users.

Although there is a large body of work on underlay CRNs
in the literature, most of existing work is either focused on
theoretical exploration or reliant on unrealistic assumptions
such as cross-network channel knowledge and inter-network
coordination (see, e.g., [3]–[11]). Thus far, very limited
progress has been made in the design of practical underlay
spectrum sharing schemes. To the best of our knowledge, there
is no underlay spectrum sharing scheme that has been im-
plemented and validated in real-world wireless environments.
This stagnation underscores the challenge in such a design,
which is reflected in the following two tasks: i) at a secondary
transmitter, how to pre-cancel its generated interference for the
primary receivers in its close proximity; and ii) at a secondary
receiver, how to decode its desired signals in the presence of
unknown interference from primary transmitters. These two
tasks become even more challenging when secondary users
have no knowledge (e.g., signal waveform and frame structure)
about primary users.

In this paper, we consider an underlay CRN that comprises
a pair of primary users and a pair of secondary users. We
assume that the secondary users are equipped with more
antennas than the primary users. By leveraging their multiple
antennas, the secondary users take the full responsibility for
cross-network interference cancellation (IC). For such a CRN,
we propose a practical spectrum sharing scheme that allows
the secondary users to access the spectrum while remaining
transparent to the primary users. The key components of our
scheme are two interference management techniques: blind
beamforming (BBF) and blind interference cancellation (BIC).

The proposed BBF technique is used at the secondary
transmitter to pre-cancel its generated interference for the
primary receiver. In contrast to existing beamforming tech-
niques, which require channel knowledge for the construction
of beamforming filters, our BBF technique does not require
channel knowledge. Instead, it constructs the beamforming
filters by exploiting the statistical characteristics of the over-
heard interfering signals from the primary users. The proposed
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BIC technique is used at the secondary receiver to decode its
desired signals in the presence of unknown interference from
the primary transmitter. Unlike existing IC techniques, which
require channel state information (CSI) and inter-network
synchronization, our BIC technique requires neither cross-
network channel knowledge nor inter-network synchronization
for signal detection. Rather, it leverages the reference symbols
(preamble) embedded in the data frame of secondary users
to construct the decoding filters for signal detection in the
face of unknown interference. With these two IC techniques,
the secondary users can effectively mitigate the cross-network
interference in the absence of coordination from the primary
users.

We have built a prototype of our scheme on a wireless
testbed to evaluate its performance in real-world wireless
environments. Particularly, we have demonstrated that our
prototyped secondary devices can share 2.4 GHz spectrum
with commercial Wi-Fi devices (primary users) while not
affecting Wi-Fi devices’ throughput. A demo video of our
scheme is presented in [12]. We further conduct experiments
to evaluate the performance of our secondary network in
coexistence with LTE-like and CDMA-like primary networks
in the following two cases: i) the primary users are equipped
with one antenna and the secondary users equipped with two
antennas; and ii) the primary users are equipped with two
antennas and the secondary users equipped with three anten-
nas. Experimental results measured in an office environment
show that the secondary network can achieve an average of
1.1 bits/s/Hz spectrum utilization without visibly degrading
primary network throughput. Moreover, the proposed BBF and
BIC techniques achieve an average of 25 dB and 33 dB IC
capabilities, respectively.

The contributions of this paper are summarized as follows:

• We have designed a new BIC technique for a wireless
receiver, which is capable of decoding its data packets in
the presence of unknown interference. Our prototype of
such a wireless receiver can achieve 33 dB IC capability
for unknown interference in real-world tests.

• We have designed a new BBF technique for a wireless
transmitter, which is capable of pre-canceling its gen-
erated interference for an unintended receiver without
the need of channel knowledge. Our prototype of such
a wireless transmitter can achieve 25 dB IC capability
for the unintended receiver.

• To the best of our knowledge, our work is the first one that
demonstrates real-time concurrent spectrum utilization of
two wireless systems in the absence of inter-network
coordination and fine-grained synchronization.

The remainder of this paper is organized as follows. Sec-
tion II surveys the related work. Section III clarifies the
problem and system model. Section IV offers an overview
of the proposed spectrum sharing scheme at the MAC and
PHY layers. Section V and SectionVI present the proposed
BBF and BIC techniques, respectively. Section VII presents
our experimental results. Section VIII discusses the limitations
of our scheme, and Section IX concludes this paper.

II. RELATED WORK

We focus our literature survey on spectrum sharing in under-
lay CRNs and the related interference management techniques.
Spectrum Sharing in Underlay CRNs: Underlay CRNs al-
low concurrent spectrum utilization for primary and secondary
networks as long as the interference at primary users remains
at an acceptable level. Different signal processing techniques
have been studied for interference management in underlay
CRNs, such as spread spectrum [13], power control [6]–[8],
and beamforming [14]–[32]. Spread spectrum handles interfer-
ence in the code domain, and power control tames interference
in the power domain. Beamforming exploits the spatial degrees
of freedom (DoF) provided by multiple antennas to steer
the secondary signals to some particular directions, thereby
avoiding interference for primary users. Compared to the other
two techniques, beamforming is more appealing in practice as
it is effective in interference management.

Given its potential, beamforming has been studied in un-
derlay CRNs to pursue various objectives, such as improving
energy efficiency of secondary transmissions [14]–[17], max-
imizing data rate of secondary users [22], [23], maximizing
sum rate of both primary and secondary users [18]–[21],
and enhancing the security against eavesdroppers [24]–[26].
However, most of these beamforming solutions are reliant
on global network information and cross-network channel
knowledge. Our work differs from these efforts as it requires
neither cross-network channel knowledge nor inter-network
cooperation.
BBF in Underlay CRNs: There are some pioneering works
that studied BBF to eliminate the requirement of cross-network
channel knowledge for the design of beamforming filters [27]–
[32]. In [27] and [28], an eigen-value-decomposition-based
approach was proposed to construct beamforming filters at
a secondary transmitter using its received interfering signals
from a primary device. When the secondary device transmit-
ting, the constructed beamforming filters would steer its radio
signals to the null subspace of the cross-network channel,
thereby avoiding interference for the primary device. Our BBF
technique follows similar idea, but differs in the network
setting and design objective. Specifically, [27] and [28] were
focused on theoretical analysis to optimize the data rate of
secondary users under certain interference temperature, while
the BBF technique in our work is designed to guarantee
its practicality and optimize its IC capability in real-world
OFDM-based networks.

In [29] and [30], the beamforming design is formulated as a
part of a network optimization problem, and some constraints
are developed based on statistical channel knowledge to relax
the requirement of cross-network channel knowledge. This
approach is of high complexity, and it seems not amenable
to practical implementation. In [31] and [32], spatial learn-
ing methods were proposed to iteratively adjust beamform-
ing filters at the secondary devices based on the power
level of primary transmission, with the objective of reducing
cross-network interference for primary users. However, these
learning-based methods are cumbersome and not amenable to
practical use.
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Fig.1:ACRNconsistingoftwoactiveprimaryusersandtwo
activesecondaryusers.

Fig.2:Consistentandpersistenttrafficintheprimarynetwork.

MIMO-basedBIC:Whiletherearemanyresultsoninterfer-
encecancellationincooperativewirelessnetworks,theresults
of MIMO-basedBICinnon-cooperativenetworksremain
limited.In[33],Rousseauxetal.proposeda MIMO-based
BICtechniquetohandleinterferencefromonesource.In[34],
Wintersproposedaspatialfilterdesignforsignaldetec-
tionatmulti-antennawirelessreceiverstocombatunknown
interference.In[35],Gollakotaetal.proposeda MIMO-
basedsolutiontomitigatenarrow-bandinterferencefromhome
devicessuchasmicrowave.BICwasfurtherstudiedinthe
contextofradiojamminginwirelesscommunications(see,
e.g.,[36],[37]).ComparedtotheexistingBICtechniques,
ourBICtechniquehasalowercomplexityandoffersmuch
betterperformance(33dBICcapabilityinourexperiments).

III.PROBLEMSTATEMENT

WeconsideranunderlayCRNasshowninFig.1,which
consistsoftwoactiveprimaryusersandtwosecondaryusers.
Theprimaryusersestablishbidirectionalcommunicationsin
time-divisionduplex(TDD) mode.Thetrafficflowinthe
primarynetworkispersistentandconsistentinbothdirections,
asshowninFig.2.Thesecondaryusers wanttoutilize
thesamespectrumfortheirowncommunications.Todoso,
thesecondarytransmitteremploysbeamformingtopre-cancel
itsgeneratedinterferencefortheprimaryreceiver;andthe
secondaryreceiverperformsICforitssignaldetection.Simply
put,thesecondaryuserstakefullburdenofcross-network
interferencecancellation,andtheirdatatransmissionsare
transparenttotheprimaryusers.
InthisCRN,thereisnocoordinationbetweentheprimary

andsecondaryusers.Thesecondaryusershavenoknowledge
aboutcross-networkinterferencecharacteristics.Theprimary
usershaveoneormultipleantennas,andthenumberoftheir
antennasisdenotedbyMp.Thesecondaryusershavemultiple
antennas,andthenumberoftheirantennasisdenotedbyMs.
Weassumethatthenumberofantennasonasecondaryuser
isgreaterthanthatonaprimaryuser,i.e.,Ms> Mp.This
assumptionensuresthateachsecondaryuserhassufficient
spatialDoFtotamecross-networkinterference.
OurObjective:InsuchaCRN,ourobjectiveisfour-fold:
i)designaBBFtechniqueforthesecondarytransmitterto
pre-cancelitsgeneratedinterferencefortheprimaryreceiver;
ii)designaBICtechniqueforthesecondaryreceivertodecode

Fig.3:AMACprotocolforspectrumsharinginaCRNthat
hastwoprimaryusersandtwosecondaryusers.

itsdesiredsignalsinthepresenceofinterferencefromthe
primarytransmitter;iii)designaspectrumsharingschemeby
integratingthesetwoICtechniques;andiv)evaluatetheIC
techniquesandthespectrumsharingschemeviaexperimenta-
tioninrealwirelessenvironments.

TwoJustifications:First,inthispaper,westudyaCRN
thatcomprisesonepairofprimaryusersandonepairof
secondaryusers.Althoughithasasmallnetworksize,sucha
CRNservesasafundamentalbuildingblockforalarge-scale
CRNthathavemanyprimaryandsecondaryusers.Therefore,
understandingthissmallCRNisofboththeoreticaland
practicalimportance.Second,inourstudy,weassumethat
thesecondaryusershavenoknowledgeaboutcross-network
interferencecharacteristics.Suchaconservativeassumption
leadstoamorerobustspectrumsharingsolution,whichis
suitedformanyapplicationscenarios.

IV.ASPECTRUMSHARINGSCHEME

Inthissection,wepresentaspectrumsharingschemefor
thesecondarynetworksothatitcanusethesamespectrum
foritscommunicationswhilealmostnotaffectingperformance
oftheprimarynetwork.Ourschemeconsistsofalightweight
MACprotocolandanewPHYdesignforthesecondaryusers.
Inwhatfollows,wefirstpresenttheMACprotocolandthen
describethenewPHYdesign.

A. MACProtocolforSecondaryNetwork

Fig.3showsour MACprotocolinthetimedomain.It
includesbothforwardcommunications(fromSU1toSU2)
andbackwardcommunications(fromSU2toSU1)between
thetwosecondaryusers.Sincethetwocommunicationsare
symmetric,ourpresentationinthefollowingwillfocusonthe
forwardcommunications.Thebackwardcommunicationscan
bedoneinthesameway.

TheforwardcommunicationsintheproposedMACprotocol
comprisetwophases:overhearing(PhaseI)andpackettrans-
mission(PhaseII).Inthetimedomain,PhaseIalignswith
thebackwardpackettransmissionsoftheprimarynetwork,
andPhaseIIalignswiththeforwardpackettransmissionsof
theprimarynetwork,asillustratedinFig.3.Weelaboratethe
operationsinthetwophasesasfollows:

•PhaseI:SU1overhearstheinterferingsignalsfrom
PU2,andSU2remainsidle,asshowninFig.4(a).
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(a)PhaseI:SU1overhearsthe
interferingsignalsfromPU2.

(b)PhaseII:SU1sendsdatato
SU2usingICtechniques.

Fig.4:Illustrationofourproposedspectrumsharingscheme.

•PhaseII:SU1firstconstructsbeamformingfiltersusing
theoverheardinterferingsignalsinPhaseIandthentrans-
mitssignalstoSU2usingtheconstructedbeamforming
filters.Meanwhile,SU2decodesthesignalsfromSU1in
thepresenceofinterferencefromPU1.Fig.4(b)shows
thepackettransmissioninthisphase.

Whentheprimarynetworkhasconsistentandpersistent
bidirectionaltraffic,itiseasyforsecondarydevicesto
learnprimarytransmissiondirectionanddurationbylever-
agingwirelesssignals’spatialsignature(e.g.,signalangle-
of-arrival).Basedonthelearnedinformation,thesecondary
networkcanalignitstransmissionswiththetransmissionsin
theprimarynetwork,asillustratedinFig.3.Itisnoteworthy
thatthetimealignmentrequirementofprimaryandsecondary
transmissionsisloose,thankstothecapabilityofBBFandBIC
atthePHYlayer.Toensurethatthesecondarytransmissions
willnotdisrupttheprimarytransmissions,SU1sendsits
signalsonlyafteritdetectstheinterferingsignalsfromPU2.

B.PHYDesignforSecondaryUsers:AnOverview

Tosupporttheproposed MACprotocol, weusethe
IEEE802.11legacyPHYforthesecondarynetwork,including
theframestructure,OFDMmodulation,andchannelcoding
schemes.However,IEEE802.11legacyPHYisvulnerableto
cross-networkinterference.Therefore,weneedtomodifythe
legacyPHYforthesecondaryusers.ThemodifiedPHYshould
beresilienttocross-networkinterferenceonbothtransmitter
andreceiversides.ThedesignofsuchaPHYfacesthe
followingtwochallenges.
Challenge1:ReferringtoFig.4(b),themaintaskofthe
secondarytransmitter(SU1)istopre-cancelitsgenerated
interferencefortheprimaryreceiver(PU2).Notethatwe
assumethesecondarytransmitterhasnoknowledgeaboutthe
primarynetwork,includingthesignalwaveform,bandwidth,
andframestructure.TheprimarynetworkmayuseOFDM,
CDMA,orothertypesofmodulationforpackettransmission.
Thelackofknowledgeabouttheinterferencemakesitchal-
lengingforSU1tocanceltheinterference.
Toaddressthischallenge,wedesignaBBFtechniquefor

thesecondarytransmitter(SU1)topre-cancelitsinterference
attheprimaryreceiver.Ourbeamformingtechniquetakes
advantageoftheoverheardinterferingsignalsinPhaseI
toconstructprecodingvectorsforbeamforming.OurBBF
techniquecancompletelypre-canceltheinterferenceatthe
primaryreceiverifnoiseiszeroandthereciprocityoffor-

ward/backwardchannelsismaintained.Detailsofthisbeam-
formingtechniquearepresentedinSectionV.
Challenge2:ReferringtoFig.4(b)again,the maintask
ofthesecondaryreceiver(SU2)istodecodeitsdesired
signalsinthepresenceofunknowncross-networkinterference.
Notethatthesecondaryreceiverhasnoknowledgeaboutthe
interferencecharacteristics,andtheprimaryandsecondary
networksmayusedifferentwaveformsandframeformatsfor
theirtransmissions.Thelackofinter-networkcoordination,
cross-networkknowledgeandfine-grainedsynchronization
makesitchallengingtotameinterferenceforsignaldetection.
Toaddressthischallenge,wedesigna MIMO-basedBIC
techniqueforthesecondaryreceiver.Thecorecomponentof
ourBICtechniqueisaspatialfilter,whichmitigatesunknown
cross-networkinterferencefromtheprimarytransmitterand
recoversthedesiredsignals.DetailsofthisBICtechniqueare
presentedinSectionVI.

V.BLINDBEAMFORMING

Inthissection,westudythebeamformingtechniqueat
SU1inFig.4.InPhaseI,SU1firstoverhearstheinter-
feringsignalsfromtheprimarytransmitterandthenusesthe
overheardinterferingsignalstoconstructspatialfilters.Based
onchannelreciprocity,theconstructedspatialfiltersareused
asbeamformingfiltersinPhaseIItoavoidinterferenceat
theprimaryreceiver.Theseoperationsareperformedoneach
subcarrierintheOFDMmodulation.Inwhatfollows,wefirst
presentthederivationofbeamformingfiltersandthenoffer
performanceanalysisoftheproposedbeamformingtechnique.
MathematicalFormulation: ConsiderSU1inFig.4(a).
ItoverhearsinterferingsignalsfromPU2.Theoverheard
interferingsignalsareconvertedtothefrequencydomain
throughFFToperation.1Weassumethatthechannelfrom
PU2toSU1isablock-fadingchannelinthetimedomain.
Thatis,alltheOFDMsymbolsinthebackwardtransmissions
experiencethesamechannel.DenoteY(l,k)asthelthsample
oftheoverheardinterferingsignalonsubcarrierkinPhaseI.
Then,wehave2

Y(l,k)=H[1]sp(k)X
[1]
p(l,k)+W(l,k), (1)

whereH
[1]
sp(k)∈CMs×Mp isthematrixrepresentationofthe

block-fadingchannelfromPU2toSU1onsubcarrierk,

X
[1]
p(l,k)∈CMp×1istheinterferingsignaltransmittedby
PU2onsubcarrierk,andW(l,k)∈CMs×1isthenoise
vectoratSU1.ItisnoteworthythatSU1knowsY(l,k)but

doesnotknowH
[1]
sp(k),X

[1]
p(l,k),andW(l,k).

AtSU1,weseekaspatialfilterthatcancombinethe
overheardinterferingsignalsinadestructivemanner.Denote
P(k)asthespatialfilteronsubcarrierk.Then,theproblem
ofdesigningP(k)canbeexpressedas:

min E[P(k)∗Y(l,k)Y(l,k)∗P(k)], s.t.P(k)∗P(k)=1,
(2)

1TheinterferingsignalsarenotnecessarilyOFDMsignals.
2Forthenotationinthispaper,superscripts“[1]”and“[2]”meanPhaseI

andPhaseII,respectively.Subscripts“s”and“p”meanthesecondaryand
primaryusers,respectively.
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where (·)∗ represents conjugate transpose operator.
Construction of Spatial Filters: To solve the optimization
problem in (2), we use Lagrange multipliers method. We
define the Lagrange function as:

L(P(k), λ)=E
[
P(k)∗Y(l, k)Y(l, k)∗P(k)

]
−λ
[
P(k)∗P(k)−1

]
,

(3)
where λ is Lagrange multiplier.

By setting the partial derivatives of L(P(k), λ) to zero, we
have
∂L(P(k), λ)

∂P(k)
= P(k)∗

(
E[Y(l, k)Y(l, k)∗]− λI

)
= 0, (4)

∂L(P(k), λ)

∂λ
= P(k)∗P(k)− 1 = 0. (5)

Based on the definition of eigendecomposition, it is easy
to see that the solutions to equations (4) and (5) are the
eigenvectors of E[Y(l, k)Y(l, k)∗] and the corresponding val-
ues of λ are the eigenvalues of E[Y(l, k)Y(l, k)∗]. Note
that E[Y(l, k)Y(l, k)∗] has Ms eigenvectors, each of which
corresponds to a stationary point of the Lagrange function
(extrema, local optima, and global optima). As λ is the penalty
multiplier for the Lagrange function, the optimal spatial filter
P(k) lies within the subspace spanned by the eigenvectors
of E[Y(l, k)Y(l, k)∗] that correspond to the minimum eigen-
value.

For Hermitian matrix E[Y(l, k)Y(l, k)∗], it may have mul-
tiple eigenvectors that correspond to the minimum eigenvalue.
Denote Me as the number of eigenvectors that correspond to
the minimum eigenvalue. Then, we can write them as:

[U1,U2, · · · ,UMe
] = mineigvectors

(
E[Y(l, k)Y(l, k)∗]

)
,

(6)
where mineigvectors(·) represents the eigenvectors that cor-
respond to the minimum eigenvalue.

To estimate E[Y(l, k)Y(l, k)∗] in (6), we average the re-
ceived interfering signal samples over time. Denote Y(l, k)
as the lth sample of the received interfering signals on sub-
carrier k. Then, we have

[U1,U2, · · · ,UMe ] = mineigvectors
( Lp∑

l=1

Y(l, k)Y(l, k)∗
)
,

(7)
where Lp is the number of overheard interfering signal sam-
ples (e.g., Lp = 20). Also, the neighboring subcarriers can be
bonded to improve accuracy. Based on (7), the optimal filter
P(k) can be written as:

P(k) =

Me∑
m=1

αmUm, (8)

where αm is a weight coefficient with
∑Me

m=1 α
2
m = 1.

Now, we summarize the BBF technique as follows. In
Phase I, SU 1 overhears the interfering signal Y(l, k) from
PU 2. Based on the overheard interfering signals, it constructs
a spatial filter P(k) for subcarrier k using (7) and (8). In
Phase II, we use P(k) as the precoding vector for beamform-
ing on subcarrier k, where (·) is the element-wise conjugate
operator.

For this beamforming technique, we have the following
remarks: i) This beamforming technique does not require CSI.
Rather, it uses the overheard interfering signals to construct
the precoding vectors for beamforming. ii) This beamforming
technique requires only one-time eigendecomposition on ev-
ery subcarrier. It has a computational complexity similar to
zero-forcing (ZF) and minimum mean square error (MMSE)
precoding techniques. Therefore, it is amenable to practical
implementation.
IC Capability of BBF: For the performance of the proposed
beamforming technique, we have the following lemma:

Lemma 1: The proposed beamforming technique completely
pre-cancels interference at the primary receiver if (i) forward
and backward channels are reciprocal; and (ii) noise is zero.

The proof of Lemma 1 is provided in Appendix A. To
maintain the reciprocity of forward and backward channels
in practical wireless systems, we can employ the relative
calibration method in [38]. This relative calibration method
is an internal and standalone method that can be done with
assistance from one device. In our experiments, we have
implemented this calibration method to preserve the channels
reciprocity.

VI. BLIND INTERFERENCE CANCELLATION

In this section, we focus on SU 2 in Phase II as shown
in Fig. 4(b). We design a BIC technique for the secondary
receiver (SU 2) to decode its desired signals in the presence
of interference from the primary transmitter (PU 1).
Mathematical Formulation: Recall that we use IEEE 802.11
legacy PHY for data transmissions in the secondary network.
Specifically, SU 1 sends packet-based signals to SU 2, which
comprise a bulk of OFDM symbols. In each packet, the first
four OFDM symbols carry preambles (pre-defined reference
signals) and the remaining OFDM symbols carry payloads.

Consider the signal transmission in Fig. 4(b). Denote
X

[2]
s (l, k) as the signal that SU 1 transmits on subcarrier k

in OFDM symbol l. Denote X
[2]
p (l, k) as the signal that PU 1

transmits on subcarrier k in OFDM symbol l.3 Denote Y(l, k)
as the received signal vector at SU 2 on subcarrier k in OFDM
symbol l. Then, we have

Y(l, k) = H[2]
ss (k)P(k)X [2]

s (l, k)+H[2]
sp (k)X

[2]
p (l, k)+W(l, k),

(9)
where H

[2]
ss (k) is the block-fading channel between SU 2 and

SU 1 on subcarrier k, H
[2]
sp (k) is the block-fading channel

between SU 2 and PU 1 on subcarrier k, and W(l, k) is noise
on subcarrier k in OFDM symbol l.

At SU 2, in order to decode the intended signal in the
presence of cross-network interference, we use a linear spatial
filter G(k) for all OFDM symbols on subcarrier k. Then, the
decoded signal can be written as:

X̂ [2]
s (l, k) = G(k)∗Y(l, k). (10)

While there exist many criteria for the design of G(k), our
objective is to minimize the mean square error (MSE) between

3PU 1 does not necessarily send OFDM signals. But at SU 2, the interfering
signals from PU 1 can always be converted to the frequency domain using
FFT operation.
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Fig.5:AnexampleofQ(k)inIEEE802.11legacyframe.

thedecodedandoriginalsignals.Thus,thesignaldetection
problemcanbeformulatedas:

min E X̂[2]s(l,k)−X
[2]
s(l,k)

2

. (11)

ConstructionofSpatialFilters:Tosolvetheoptimization
problemin(11),weuseLagrangemultipliersmethodagain.
WedefinetheLagrangefunctionas:

L(G(k))=E X̂[2]s(l,k)−X
[2]
s(l,k)

2

. (12)

Basedon(10),(12)canberewrittenas:

L(G(k))=E G(k)∗Y(l,k)−X[2]s(l,k)
2

. (13)

Equation(13)isaquadraticfunctionofG(k).Tominimize
MSE,wecantakethegradientwithrespectto G(k).The
optimalfilterG(k)canbeobtainedbysettingthegradientto
zero,whichweshowasfollows:

EY(l,k)Y(l,k)∗G(k)−EY(l,k)X[2]s(l,k)
∗ =0.(14)

Basedon(14),weobtaintheoptimalfilter

G(k)=EY(l,k)Y(l,k)∗
+
EY(l,k)X[2]s(l,k)

∗ ,(15)

where(·)+denotespseudoinverseoperation.Equation(15)is
theoptimaldesignofG(k)inthesenseofminimizingMSE.

TocalculateEY(l,k)Y(l,k)∗ andEY(l,k)X
[2]
p(l,k)∗

in(15),wecantakeadvantageofthepilot(reference)symbols
inwirelesssystems(e.g.,thepreambleinIEEE802.11legacy
frame).DenoteQkasthesetofpilotsymbolsinaframe
thatcanbeusedforthedesignofinterferencemitigationfilter
G(k).Then,wecanapproachthestatisticalexpectationsin
(15)usingtheaveragingoperationsasfollows:

EY(l,k)Y(l,k)∗ ≈
1

|Qk|
(l,k)∈Qk

Y(l,k)Y(l,k)∗,(16)

EY(l,k)X[2]p(l,k)
∗ ≈

1

|Qk|
(l,k)∈Qk

Y(l,k)X[2]p(l,k)
∗,(17)

whereanexampleofQkisillustratedinFig.5.

Notethat,withabitabuseofnotation,wereplacethe
approximationsignin(16)and(17)withanequationsign
forsimplicity.Then,thespatialfilterG(k)canbewrittenas:

G(k)=
(l,k)∈Qk

Y(l,k)Y(l,k)∗
+

(l,k)∈Qk

Y(l,k)X[2]p(l,k)
∗
.

k

(18)

WenowsummarizeourBICtechniqueasfollows.In

k

(a)SNR=5dBcase

k

(b)SNR=15dBcase (c)SNR=25dBcase

Fig.6:Convergencespeedofspatialfilteroverthenumberof
pilotsymbolsin(Mp=1,Ms=2)

k

network.

k

(a)SNR=5dBcase

k

(b)SNR=15dBcase (c)SNR=25dBcase

Fig.7:Convergencespeedofspatialfilteroverthenumberof
pilotsymbolsin(Mp=2,Ms=3)network.

PhaseII,SU2needstodecodeitsdesiredsignalinthe
presenceofinterferencefromPU1.Todoso,SU2first
constructsaspatialfilterforeachofitssubcarriersusing(18),
andthendecodesitsdesiredsignalusing(10).

ForthisBICtechnique,severalremarksareinorder:i)The
spatialfilterin(18)notonlycancelstheinterferencebutalso
equalizesthechanneldistortionforsignaldetection.ii)As
shownin(10)and(18),ourBICtechniquedoesnotrequire
knowledgeabouttheinterferencecharacteristics,including
waveformandbandwidth.iii)ourBICtechniquedoesnot
requireCSI.Rather,itonlyrequirespilotsignalsatthesec-
ondarytransmitter.Incontrasttoconventionalsignaldetection
techniques(e.g.,ZFandMMSEdetectors),ourBICtechnique
techniquedoesnotrequirechannelestimation.iv)Asshown
in(10)and(18),thecomputationalcomplexityofourBIC
techniqueissimilartothatoftheZFdetector,whichiswidely
beingusedinreal-worldwirelesssystems.

ICCapabilityofBIC:Fortheperformanceoftheproposed
BICtechnique,wehavethefollowinglemma:

Lemma2:Ifthepilotsignalsaresufficientandnoiseiszero,
theBICtechniquecanperfectlyrecoverthedesiredsignalsin

thepresenceofcross-networkinterference(i.e.,X̂
[2]
s(k,l)=

X
[2]
s(k,l),∀k,l).

TheproofofLemma2ispresentedinAppendixB.

PilotSignalsforSpatialFilter Construction:Lemma2
showsthesuperiorperformanceofourBICtechniquewhen
thepilotsignalsaresufficient.Anaturalquestiontoaskishow
manypilotsignalsareconsideredtobesufficient.Toanswer
thisquestion,wefirstpresentoursimulationresultstostudy
theconvergencespeedofthespatialfilteroverthenumber
ofpilotsignals,andthenproposeamethodtoincreasethe
numberofpilotsignalsforthespatialfilterconstruction.
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(a)TransmissioninPhaseI. (b)TransmissioninPhaseII.

Fig.8:ExperimentalsetupforanunderlayCRNwithtwo
networksettings:(Mp=1,Ms=2)and(Mp=2,Ms=3).

Asaninstance,wesimulatedtheconvergencespeedofthe
spatialfilteroverthenumberofpilotsymbolsforSU2in
Fig.4.Fig.6andFig.7presentoursimulationresultsintwo
networksettings:(Mp=1,Ms=2)and(Mp=2,Ms=3).
Fromthesimulationresults,wecanseethatthespatialfilter
convergesataprettyfastspeedinthesetwonetworksettings.
Specifically,thespatialfiltercanachieveagoodconvergence
withinabout10pilotsymbols.
RecallthatthesecondarynetworkusesIEEE802.11legacy

framefortransmissionsfromSU1toSU2,whichonly
hasfourpilotsymbolsoneachsubcarrier(i.e.,twoL-STF
OFDMsymbolsandtwoL-LTFOFDMsymbols).So,the
constructionofspatialfilterisinshortageofpilotsymbols.To
addressthisissue,foreachsubcarrier,wenotonlyusethepilot
symbolsonthatsubcarrierbutalsothepilotsymbolsonits
neighboringsubcarriers,asillustratedinFig.5.Therationale
behindthisoperationliesinthefactthatchannelcoefficients
onneighboringsubcarriersarehighlycorrelatedinreal-world
wirelessenvironments.Byleveragingthepilotsymbolson
twoneighboringsubcarriers,wehave12pilotsymbolsforthe
constructionofthespatialfilter,whichappearstobesufficient
basedonoursimulationresultsinFig.6andFig.7.Wenote
thatanalyticallystudyingtheperformanceofBICwithrespect
tothenumberandformatofpilotsignalsisbeyondthescope
ofthiswork.Instead,weresorttoexperimentstostudyits
performanceinreal-worldnetworksettings.

VII.PERFORMANCEEVALUATION

Inthissection,weconsideranunderlayCRNintwotime
slotsasshowninFig.8. Wehavebuiltaprototypeofthe
proposedunderlayspectrumsharingschemeinthisnetwork
onasoftware-definedradio(SDR)testbedandevaluatedits
performanceinreal-worldwirelessenvironments.

A.Implementation

PHYImplementation:Weconsiderthreedifferentprimary
networks:acommercial Wi-Fiprimarynetwork,aLTE-like
primarynetwork,andaCDMA-likeprimarynetwork.The
commercial Wi-FinetworkcomprisesAlfaAWUS036NHA
802.11nAdapters,eachofwhichhasoneantennaforra-
diosignaltransmissionsandreceptions.TheLTE-likeand
CDMA-likeprimarynetworksaswellasthesecondarynet-
workarebuiltusingUSRPN210devicesandgeneral-purpose
computers.TheUSRPdevicesareusedforradiosignaltrans-
mission/receptionwhilethecomputersareusedforbaseband
signalprocessingand MACprotocolimplementation.The
implementationparametersarelistedinTableI.

TABLEI:Theimplementationparametersofprimaryand
secondarynetworks.

Primary
network1

Primary
network2

Primary
network3

Secondary
network

Systemtype Commercial Custom-built Custom-built Custom-built
Standard Wi-Fi LTE-like CDMA-like Wi-Fi-like
Waveform OFDM OFDM CDMA OFDM
FFT-Point 64 1024 - 64

Validsubcarriers 52 600 - 52
Samplerate 20MSps 10MSps 5MSps 5,25MSps

Signalbandwidth ∼16MHz ∼5.8MHz ∼5MHz ∼4.06,20.31MHz
Carrierfrequency 2.48GHz 2.48GHz 2.48GHz 2.48GHz
Maxtxpower ∼20dBm ∼15dBm ∼15dBm ∼15dBm
Antennanumber 1 1,2 1 2,3

PU 1

14 
m 

32 m 

PU 2

SU 1 SU 2

SU 1 SU 2

SU 1 SU 2 SU 1 SU 2

SU 1 SU 2

SU 1 SU 2

SU 1 SU 2 SU 1 SU 2 SU 1 SU 2 SU 1 SU 2 SU 1 SU 2

SU 1 SU 2

Loc 6Loc 5Loc 4Loc 3Loc 2

Loc 1 Loc 7

Loc 9

Loc 11

Loc 12

Loc 10

Loc 8
(a) (b)

(c)

Fig.9:Experimentalsetting:(a)floorplanofprimaryand
secondaryusers’locations;(b)aprimarytransceiver;and(c)a
secondarytransceiver.

MACImplementation: WeimplementtheMACprotocolin
Fig.3fortheprimaryandsecondarynetworks.Thepacket
transmissionsinthetwonetworksarelooselyalignedintime,
asshowninFig.3.Sincethebidirectionalcommunications
inthesecondarynetworkaresymmetric,weonlyconsider
theforwardcommunications(fromSU1toSU2)inour
experiments. WeimplementBBFonSU1topre-cancel
interferencefortheprimaryreceiver.WealsoimplementBIC
onSU2todecodeitsdesiredsignalsinthepresenceof
interferencefromPU1.Moreover,weimplementtheRFchain
calibrationmethod[38]onSU1inFig.8tomaintainits
relativechannelreciprocity.Notethatthecalibrationneedsto
bedoneatalowfrequency(0.1Hzinourexperiments)and
thereforewouldnotconsumemuchairtimeresource.

B.ExperimentalSetupandPerformanceMetrics

ExperimentalSetup:Considertheprimaryandsecondary
networksinFig.8. Weplacethedevicesonafloorplanas
showninFig.9(a).Thetwoprimaryusersarealwaysplacedat
thespotsmarked“PU1”and“PU2.”Thetwosecondaryusers
areplacedatoneofthe12differentlocations.Thedistance
betweenPU1andPU2is10mandthedistancebetweenSU1
andSU2is6m.Fig.9(b-c)showtheprototypedsecondary
andprimarytransceiversonourwirelesstestbed.Thetransmit
powerofprimaryusersisfixedtothemaximumlevelspecified
inTableI,whilethetransmitpowerofsecondaryusersis
properlyadjustedtoensurethatitsgeneratedinterferenceto
theprimaryreceiver(afterBBF)isbelownoiselevel.
Performance Metrics:Weevaluatetheperformanceofthe
proposedspectrumsharingschemeusingthefollowingfour
metrics:i)Tx-sideICcapabilityatSU1:ThisICcapability
isfromSU1’sBBF.Itisdefinedasβtx=10log10(P1/P2),
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TABLE II: EVM specification in IEEE 802.11ac standard [39].

EVM (dB) (inf -5) [-5 -10) [-10 -13) [-13 -16) [-16 -19) [-19 -22) [-22 -25) [-25 -27) [-27 -30) [-30 -32) [-32 -inf)

Modulation N/A BPSK QPSK QPSK 16QAM 16QAM 64QAM 64QAM 64QAM 256QAM 256QAM

Coding rate N/A 1/2 1/2 3/4 1/2 3/4 2/3 3/4 5/6 3/4 5/6

γ(EVM) 0 0.5 1 1.5 2 3 4 4.5 5 6 20/3

TABLE III: EVM specification for LTE-like PHY [40], [41].
EVM (dB) [-6.3 -9.1) [-9.1 -11.8) [-11.8 -14.2) [-14.2 -16.8) [-16.8 -19.1)

CQI 6 7 8 9 10
Modulation QPSK 16QAM 16QAM 16QAM 64QAM

Coding rate ×1024 602 378 490 616 466
γ(EVM) 1.1758 1.4766 1.9141 2.4063 2.7305

EVM (dB) [-19.1 -21.0) [-21.0 -23.3) [-23.3 -25.7) [-25.7 -28.2) [-28.2 -∞)
CQI 11 12 13 14 15

Modulation 64QAM 64QAM 64QAM 64QAM 64QAM
Coding rate ×1024 567 666 772 873 948

γ(EVM) 3.3223 3.9023 4.5234 5.1152 5.5547

where P1 is the received interference power at PU 2 when
SU 1 uses [ 1√

2
1√
2
] or [ 1√

3
1√
3

1√
3
] as the precoder, and P2

is the received interference power at PU 2 when SU 1 uses
our BBF precoder. ii) Rx-side IC capability at SU 2: This IC
capability is from SU 2’s BIC. It is defined as βrx = |EVM|−
max{SIRm}, where SIRm is the signal to interference ratio
(SIR) on SU 2’s mth antenna and EVM will be defined in the
following. iii) Error vector magnitude (EVM) of the decoded
signals at SU 2: It is defined as follows:

EVM = 10 log10

(
E
[∣∣X̂ [2]

s (l, k)−X [2]
s (l, k)

∣∣2]
E
[∣∣X [2]

s (l, k)
∣∣2]

)
. (19)

iv) Throughput of secondary and primary networks: The
throughput of the primary and secondary networks are ex-
trapolated based on the measured EVM at SU 2 and PU 2,
respectively. To calculate throughput, we use

r =
Nsc

Nfft +Ncp
· b · ηt · γ (EVM) , (20)

where Nsc, Nfft, and Ncp denote number of used subcarriers,
FFT points, and the length of cyclic prefix, respectively. b is
the sampling rate in MSps. ηt is the portion of available airtime
being used for signal transmissions. γ(EVM) is the average
number of bits carried by one subcarrier. This parameter is
specified in Table II and Table III for WiFi-like PHY and
LTE-like PHY, respectively.

C. Coexistence with Commercial Wi-Fi Devices

We first consider primary network 1 in Table I. The two
Wi-Fi devices (Alfa 802.11n dongles with Atheros Chipset)
in this primary network are connected in the ad-hoc mode,
and they send data packets to each other as shown in Fig. 3.
These two devices are placed at the spots marked by blue
squares in Fig. 9. The secondary network is also specified in
Table I. Each secondary device is equipped with two antennas.
We place the two secondary devices at location 1 in Fig. 9.
Primary Network: We first study the performance of the
primary devices with and without spectrum sharing. Fig. 10(a)
shows the measured packet delivery rate between the two
primary devices in the absence of secondary devices (i.e.,
the secondary devices are turned off). Fig. 10(b) shows the
measured result when the secondary devices conduct their
transmissions in Phase II (see Fig. 8(b)). It can be seen that,
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(a) Packet delivery rate in
interference-free scenario.
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(b) Packet delivery rate in spec-
trum sharing scenario.

Fig. 10: Packet delivery rate of the primary network in
interference-free and spectrum sharing scenarios.
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    After moving SU 1's one 
          antenna by 10 cm

Fig. 11: Packet delivery rate of the primary network before
and after moving SU 1’s one antenna by 10 cm.

in both cases, the primary network achieves almost the same
packet delivery rate. This indicates that the primary network
is almost not affected by the secondary network.

How is the interference from the secondary transmitter han-
dled? Is it because of the BBF on the secondary transmitter?
To answer these questions, we conduct another experiment.
When both primary and secondary networks are transmitting,
we move one of the secondary transmitter’s antennas about
10 cm. Fig. 11 shows the packet delivery rate of the primary
network before and after the antenna movement. We can see
that the movement of SU 1’s one antenna results in a steep
drop of primary network’s packet delivery rate. This indicates
that it is SU 1’s BBF that mitigates the interference for PU 2.

Secondary Network: We now shift our focus to the secondary
network. We first check the strength of signal and interference
at the secondary receiver. Fig. 12 shows the measured results
on one of SU 2’s antennas. We can see that the signal and
interference at the secondary receiver are at the similar level.
This observation also holds for the another antenna. We then
check the performance of the secondary receiver in the pres-
ence of interference from the primary transmitter. To do so,
we conduct three experiments: i) interference-free transmission
of the secondary network (secondary devices only, no primary
devices); ii) spectrum-sharing transmission with SU 2 using
our proposed BIC; and iii) spectrum-sharing transmission with
SU 2 using ZF signal detection. The measured results are
presented in Fig. 13. It is clear to see that, with the aid
of BIC, the secondary receiver can successfully decode its
desired signals. Compared to the interference-free scenario, the
EVM degradation is about 3.8 dB. The conventional ZF signal
detection method cannot decode the signal in the presence of
interference. This shows the effectiveness of our proposed BIC
technique. A demo video of our real-time spectrum sharing
scheme can be found in [12].
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(a) Received interference from
PU 1 at SU 2’s first antenna.
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(b) Received signal from SU 1
at SU 2’s first antenna.

Fig. 12: Relative power spectral density of the received signal
and interference at the secondary receiver’s first antenna.
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(a) Interference-free
scenario.
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(b) BIC for spectrum
sharing scenario.
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(c) ZF for spectrum
sharing scenario.

Fig. 13: Constellation diagram of the decoded signals at the
secondary receiver (SU 2) in three different experiments.

D. Network Setting: (Mp = 1,Ms = 2)

We now consider the CRN in Fig. 8 when the primary
devices have one antenna (Mp = 1) and the secondary devices
have two antennas (Ms = 2). Primary networks 2 and 3
specified in Table I are used in our experiments.

1) A Case Study: As a case study, we use primary net-
work 3 (CDMA-like) in Table I and place the secondary
devices at location 1 to examine the proposed spectrum sharing
scheme.
Tx-Side IC Capability: We first want to quantify the tx-side
IC capability at the secondary transmitter (SU 1) from its BBF.
To do so, we conduct the following experiments. We turn
off the primary transmitter (PU 1) and measure the received
interference at the primary receiver (PU 2) in two cases:
(i) using [ 1√

2
1√
2
] as the precoder; and (ii) using our proposed

beamforming precoder in (7) and (8) with α1 = 1. Fig. 14
presents our experimental results. We can see that, in the first
case, the relative power spectral density of PU 2’s received
interference is about −87 dB. In the second case, the relative
power spectral density of PU 2’s received interference is about
−113 dB. Comparing these two cases, we can see that the
tx-side IC capability from BBF is about 113 − 87 = 26 dB.
We note that, based on our observations, the relative power
spectral density of the noise at PU 2 is in the range of −120 dB
to −110 dB. Therefore, thanks to BBF, the interference from
the secondary transmitter to the primary receiver is at the noise
level.
Rx-Side IC Capability, EVM, and Data Rate: We now study
the performance of the secondary receiver (SU 2). First, we
measure SIR at SU 2. Fig. 15 shows our measured results on
SU 2’s first antenna. We can see that the relative power spectral
density of its received signal and interference is −83 dB and
−73 dB, respectively. This indicates that the SIR on SU 2’s
first antenna is −10 dB (assuming that noise is negligible).
Using the same method, we measured that the SIR on SU 2’s
second antenna is −12 dB.
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(a) SU 1 uses [ 1√
2

1√
2
] as the

precoder.
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(b) SU 1 uses our BBF tech-
nique.

Fig. 14: Relative power spectral density of PU 2’s received
interference from two-antenna SU 1 in two cases.
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(a) SU 2’s received signal on its
first antenna.
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(b) SU 2’s received interference
on its first antenna.

Fig. 15: Relative power spectral density of SU 2’s received
signal and interference on its first antenna.

We measure the EVM of SU 2’s decoded signals in the
presence of interference. Fig. 16(a–b) present the constellation
of the decoded signals at SU 2. It is evident that SU 2
can decode both QPSK and 16QAM signals from SU 1
in the presence of interference from PU 1. The EVM is
−21.9 dB when QPSK is used for the secondary network and
−22 dB when 16QAM is used for the secondary network. As a
benchmark, Fig. 16(c–d) present the experimental results when
there is no interference from PU 1. Comparing Fig. 16(a–b)
with Fig. 16(c–d), we can see that SU 2 can effectively cancel
the interference from PU 1.

Finally, we calculate SU 2’s IC capability and throughput.
Based on the SIR on SU 2’s antennas and the EVM of its
decoded signals, SU 2’s IC capability is 10+ 21.9 = 31.9 dB
in this case. Based on (20) and the measured EVM, the
throughput (data rate) of secondary network is extrapolated
to be 4.5 Mbps.
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(a) Decoded QPSK signals in
spectrum sharing scenario.
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(b) Decoded 16QAM signals in
spectrum sharing scenario.
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(c) Decoded QPSK signals in
interference-free scenario.
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(d) Decoded 16QAM signals in
interference-free scenario.

Fig. 16: Constellation diagram of decoded signals at SU 2: our
spectrum sharing scheme versus interference-free scenario.
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(a)Tx-sideICcapabilityfrom
thesecondarytransmitter’sBBF.

(b)Rx-sideICcapabilityfrom
thesecondaryreceiver’sBIC.

Fig.17:Tx-sideandrx-sideICcapabilitiesofthesecondary
networkfor(Mp=1,Ms=2)

    

setting.

(a)EVMofthedecodedsignals
atthesecondaryreceiver.

(b)Throughputofthesecondary
network.

Fig.18:Performanceofthesecondarynetworkintheproposed
spectrumsharingschemefor(Mp=1,Ms=2)setting.

2)ExperimentalResultsatallLocations:Wenowextend
ourexperimentsfromonelocationtoallthe12locationsand
presentthemeasuredresultsasfollows.

Tx-SideICCapability:Fig.17(a)presentsthetx-sideIC
capabilityofthetwo-antennasecondarytransmitter(SU1).
Wecanseethatthesecondarytransmitterachievesaminimum
of20.0dBandanaverageof25.3dBICcapabilityacrossall
the12locations.

Rx-SideICCapability:Fig.17(b)presentstherx-sideIC
capabilityofthetwo-antennasecondaryreceiver. Wecansee
thatthesecondaryreceiverachievesaminimumof25.0dB,a
maximumof38.0dB,andanaverageof32.8dBICcapability
acrossallthe12locations,regardlessofthePHYusedforthe
primarynetwork.

Rx-SideEVM:Fig.18(a)presentstheEVMofthedecoded
signalsatthetwo-antennasecondaryreceiverinthepresence
ofinterferencefromtheprimarytransmitter.Wecanseethatin
allthelocations,althoughtheEVMvaries,theEVMachieves
anaverageof−21.8dB,regardlessofthePHYusedforthe
primarynetwork.

ThroughputofSecondaryNetwork:Basedonthemeasured
EVMatthesecondaryreceiver,weextrapolatetheachievable
datarateinthesecondarynetworkusing(20).Fig.18(b)
presentstheresults.Aswecansee,thesecondarynetwork
achievesa minimumof3.0Mbpsdatarate,a maximum
of6.7Mbps,andanaverageof 5.1Mbpsacrossallthe
12locations. Notethatthisdatarateisachievedbythe
secondarynetworkin5MHzbandwidth,andthesecondary
transmitter’spoweriscontrolledsothatitsinterferenceatthe
primaryreceiver(afterBBF)remainsatthenoiselevel.

3)BBFversusOtherBeamformingTechniques:
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Explicitbeamforming(EBF)
Implicitbeamforming(IBF)
Blindbeamforming(BBF)

AsBBF
isthecorecomponentofourspectrumsharingscheme,we
wouldliketofurtherexamineitsperformancebycomparing
itagainstthefollowingtwobeamformingtechniques.

Fig.19:Tx-sideICcapabilityofthethreebeamforming
techniqueswhenthesecondarydevicehasthreeantennas.

•ExplicitBeamforming(EBF):Inthistechnique,thesec-
ondarytransmitter(SU1)hasknowledgeofforward
channelbetweenitselfandtheprimaryreceiver(PU2),

i.e.,H
[1]
sp(k).Theforwardchannelknowledgeisob-

tainedthroughexplicitchannelfeedback.Specifically,
SU1sendsanulldatapacket(NDP)toPU2,which
estimatesthechannelandfeedtheestimatedchannel
informationbacktoSU1.Afterobtainingtheforward

channelH
[1]
sp(k),SU1constructstheprecoderbyP(k)=

mineigvectors(H
[1]
sp(k)),wherekissubcarrierindex.

•ImplicitBeamforming(IBF):Inthistechnique,thesec-
ondarytransmitter(SU1)hasknowledgeofbackward
channelfromtheprimaryreceiver(PU2)toitself,i.e.,

H
[1]
ps(k).Thebackwardchannelknowledgeisobtained
throughimplicitchannelfeedback.Specifically,PU2
sendsanulldatapacket(NDP)toSU1.SU1first

estimatesthebackwardchannelH
[1]
ps(k).Itthencon-

structstheprecoderbyP(k)=mineigvectors(H
[1]
ps(k)),

wherekissubcarrierindex.Channelcalibrationhasbeen
performedatSU1beforesignaltransmission.

Weconductexperimentstomeasurethetx-sideICcapability
ofthesethreebeamformingtechniques.Fig.19depictsour
results. Wecanseethat,comparedtoEBF,ourproposed
BBFhasamaximumof4.5dBandanaverageof2.1dB
degradation.ComparedtoIBF,ourproposedBBFhasa
maximumof2.5dBandanaverageof1.0dBdegradation.
TheresultsshowthattheproposedBBFhascompetitive
performancecomparedtoEBFandIBF.Wenotethat,although
offeringbetterperformance,EBFandIBFcannotbeusedin
underlayCRNsastheyrequireknowledgeandcooperation
fromtheprimarydevices.

E.NetworkSetting:(Mp=2,Ms=3)

WenowstudytheCRNinFig.8 whentheprimary
deviceshavetwoantennasandthesecondarydeviceshave
threeantennas(i.e.,Mp =2andMs=3).Theprimary
devicesusetheirtwoantennasforspatialmultiplexing.That
is,twoindependentdatastreamsaretransferedintheprimary
network.ThesecondarydevicesusetheirspatialDoFprovided
bytheirthreeantennasforbothinterferencemanagementand
signaltransmission.Indeed,onedatastreamistransferedinthe
secondarynetwork.TheprimarynetworkusesLTE-likePHY
(seeprimarynetwork2inTableI)fordatatransmission.We
studyourspectrumsharingschemeinthisCRNandreportthe
measuredresultsbelow.
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(a) Tx-side IC capability from
the secondary transmitter’s BBF.
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(b) Rx-side IC capability from
the secondary receiver’s BIC.

Fig. 20: Tx-side and rx-side IC capabilities of the secondary
network for (Mp=2,Ms=3) setting.
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(a) EVM of the decoded data
stream 1 at the primary receiver.
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(b) EVM of the decoded data
stream 2 at the primary receiver.

Fig. 21: EVM of the two data streams in the primary network
with and without the secondary network for (Mp=2,Ms=3)
setting.

Tx-Side IC Capability: In this CRN, since the primary
receiver has two antennas, the secondary transmitter needs
to cancel its generated interference for both antennas on the
primary receiver. We measure the IC capability of our pro-
posed BBF for the primary receiver’s both antennas. Fig 20(a)
exhibits our measured results. We can see that a three-antenna
secondary transmitter can effectively cancel the interference on
the primary receiver’s both antennas. Specifically, the BBF on
the secondary transmitter achieves a minimum of 21.7 dB, a
maximum of 28.7 dB, and an average of 25.1 dB IC capability
for the primary receiver’s two antennas.
Rx-Side IC Capability: In this CRN, since the primary
transmitter sends two independent data streams, the secondary
receiver needs to decode its desired signals in the presence of
two interference sources. We measure the rx-side IC capability
of our proposed BIC at the three-antenna secondary receiver.
Fig 20(b) exhibits our measured results. We can see that the
proposed BIC on the secondary receiver achieves a minimum
of 26.5 dB, a maximum of 38.1 dB, and an average of
33.0 dB IC capability over the 12 locations. This shows
the effectiveness of the proposed BIC in handling unknown
interference.
EVM at Primary Receiver: We now study the performance
of the two data streams in the primary network. We want to
see if the presence of secondary network harmfully affects
the traffic in the primary network. To do so, we measure
the EVM of the decoded two data streams at the primary
receiver in two cases: i) in the presence of the secondary
network, and ii) in the absence of the secondary network.
Fig. 21 presents our measured results. It can be seen that
the presence of the secondary network does not visibly affect
the EVM performance of the primary network. This indicates
that the BBF at the secondary network successfully mitigates
the interference from the secondary transmitter to the primary
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(a) Extrapolated throughput of
decoded primary data stream 1.
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(b) Extrapolated throughput of
decoded primary data stream 2.

Fig. 22: Throughput of the two data streams in the pri-
mary network with and without the secondary network for
(Mp=2,Ms=3) setting.
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Fig. 23: Performance of the secondary network in the proposed
spectrum sharing scheme for (Mp=2,Ms=3) setting.

receiver.

Throughput of Primary Network: Based on the measured
EVM at the primary receiver, we extrapolate the achievable
data rate on each data stream of the primary network using
(20). The extrapolated throughput is presented in Fig. 22. Re-
ferring to Fig. 22(a), the primary network achieves an average
of 32.1 Mbps throughput for its stream 1 in interference-free
case and an average of 31.9 Mbps throughput in coexistence
with the secondary network. As shown in Fig. 22(b), for
its data stream 2, the primary network achieves 32.5 Mbps
and 32.3 Mbps throughput on average in the interference-
free and spectrum sharing scenarios, respectively. For both
data streams, only 0.2 Mbps degradation is observed in the
throughput of the primary network.

EVM at Secondary Receiver: Having confirmed that the
spectrum utilization of secondary network does not degrade the
performance of primary network, we now study the achievable
performance of the secondary network. Recall that we transfer
one data stream in the secondary network. We measure EVM
of the decoded signal at the secondary receiver. Fig. 23(a)
depicts the measured results. We can see that the EVM at
the secondary receiver achieves a minimum of −27.7 dB, a
maximum of −18.2 dB, and an average of −22.5 dB over the
12 locations.

Throughput of Secondary Network: Based on the measured
EVM at the secondary receiver, we extrapolate the achievable
data rate of the secondary network using (20). The extrapolated
data rate is presented in Fig. 23(b). We can see that the
proposed spectrum sharing scheme achieves a minimum of
3.0 Mbps, a maximum of 7.5 Mbps, and an average of
5.5 Mbps over the 12 locations. Note that this data rate is
achieved by the secondary network in 5 MHz and without
harmfully affecting the primary network.
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(a) Measured EVM of primary
data streams.
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(b) Extrapolated throughput of
primary data streams.

Fig. 24: Performance of the proposed spectrum sharing scheme
w.r.t. interference-free case for (Mp=2,Ms=3) setting.

F. Summary of Observations

We now summarize the observations from our experimental
results as follows:
• BBF: BBF demonstrates its capability of handling cross-

network interference in CRNs where the secondary net-
work has no knowledge about the primary network.
In (Mp=1,Ms=2) network setting, BBF achieves an
average of 25.3 dB IC capability. In (Mp=2,Ms=3)
network setting, BBF achieves an average of 25.1 dB IC
capability.

• BIC: BIC also demonstrates its capability of decoding
the desired signals in the presence of unknown interfer-
ence. In (Mp=1,Ms=2) network setting, it achieves an
average of 32.8 dB IC capability. In (Mp=2,Ms=3)
network setting, it achieves an average of 33.0 dB IC
capability.

• Primary Network: The primary network has very small
performance degradation when the secondary network
shares the spectrum (compared to the case without sec-
ondary network). As shown in Fig. 24(a), the average
EVM degradation at the primary receiver is 1.6% over the
12 locations. Also, as shown in Fig. 24(b), the average
throughput degradation at the primary receiver is 0.7%
over the 12 locations.

• Secondary Network: Using BBF at its transmitter and
BIC at its receiver, the secondary network intends to
establish communications by sharing the spectrum with
the primary network. The secondary network achieves
1.0 bits/s/Hz in the CRN with (Mp=1,Ms=2) net-
work setting and 1.1 bits/s/Hz in the CRN with
(Mp=2,Ms=3) network setting.

VIII. LIMITATIONS AND DISCUSSIONS

While the proposed scheme demonstrates its potential in
real-world networks, there are still some issues that remain
open and need to be addressed prior to its real applications.
Primary Traffic Directions: In our spectrum sharing scheme,
we assume that the primary communications are bidirectional
and that the pattern of primary traffic is consistent. Under
such assumptions, duration and direction of primary traffic are
easy to learn for beamforming filter design. In real systems,
the pattern of primary traffic might not be consistent. In such
a case, a sophisticated learning algorithm is needed for the
secondary devices to differentiate the forward and backward
transmissions of the primary network.

Channel Coherence Time: In static networks (e.g., indoor
Wi-Fi), the devices are stationary or moving at a low speed.
Then, the channel coherence time is large enough to cover
the entire period of primary forward transmission. But in the
dynamic networks with highly mobile devices, the channel
coherence time may be smaller than the duration of primary
forward transmission. In such a case, the secondary network
cannot use the entire airtime of primary forward transmission.
Instead, it can only access the spectrum when its beamforming
filters remain valid (i.e., within the channel coherence time).
Extension to Large-Scale Networks: In this work, we pre-
sented a spectrum sharing scheme for a small-size CRN con-
sisting of one PU pair and one SU pair. This spectrum sharing
scheme can be extended to a large-scale CRN that comprises
multiple PU pairs and multiple SU pairs. This is because in
most real-world wireless networks (e.g., Wi-Fi and cellular),
only one user pair is active on a frequency band at a time.
Therefore, our current design is a fundamental building block
for spectrum sharing in a large-scale CRN. Nevertheless,
extending our design to a large-scale CRN still faces several
challenges. First, a secondary device should be capable of
learning the active PU devices over time as well as their
transmission direction and duration. For a secondary device,
how to accurately obtain this information through a learning
procedure is a challenging task. Second, primary devices
may not be stationary (e.g., vehicular and unmanned aerial
networks). How to design an adaptive and intelligent spectrum
sharing MAC protocol for the secondary network is another
challenging task. These challenges will be addressed in our
future work.

IX. CONCLUSION

In this paper, we proposed a spectrum sharing scheme for
an underlay CRN that comprises two primary users and two
secondary users. The proposed scheme allows the secondary
users to use the spectrum without affecting the throughput of
the primary users. The key components of our scheme are two
MIMO-based IC techniques: BBF and BIC. BBF enables the
secondary transmitter to pre-cancel its generated interference
for the primary receiver. BIC enables the secondary receiver
to decode its desired signals in the presence of unknown
cross-network interference. Collectively, these two IC tech-
niques make it possible for the secondary users to access the
spectrum while remaining transparent to the primary users.
We have built a prototype of our spectrum sharing scheme
on a wireless testbed. We demonstrated that our prototyped
secondary devices can coexist with commercial Wi-Fi devices.
Extensive experimental results show that, for a secondary
user with two or three antennas, BBF and BIC achieve about
25 dB and 33 dB IC capabilities in real wireless environments,
respectively.

APPENDIX A
PROOF OF LEMMA 1

We first consider the signal transmission in Phase I and then
consider that in Phase II. In Phase I, if the noise is zero, we
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have Y(l, k) = H
[1]
sp (k)X

[1]
p (l, k). Then, we have

Lp∑
l=1

Y(l, k)Y(l, k)∗
(a)
= LpE[Y(l, k)Y(l, k)∗]

(b)
= LpH

[1]
sp (k)Rx(k)H

[1]
sp (k)

∗, (21)

where (a) follows from that Y(l, k) is a stationary random
process, which is true in practice; and (b) follows from the
definition of Rx(k) = E[X[1]

p (l, k)X
[1]
p (l, k)∗].

Based on (21), we have

Rank
(Lp∑
l=1

Y(l, k)Y(l, k)∗
)
=Rank

(
LpH

[1]
sp (k)Rx(k)H

[1]
sp (k)

∗
)

≤ Rank
(
Rx(k)

)
≤Mp. (22)

Inequation (22) indicates that
∑Lp

l=1 Y(l, k)Y(l, k)∗ has at
least Ms −Mp eigenvectors that correspond to zero eigenval-
ues. This further indicates that [U1,U2, · · · ,UMe

] in (7) are
corresponding to zero eigenvalues. Therefore, we have( Lp∑

l=1

Y(l, k)Y(l, k)∗
)
Um = 0, for 1 ≤ m ≤Me. (23)

Based on (21) and (23), we have(
LpH

[1]
sp (k)Rx(k)H

[1]
sp (k)

∗
)
Um = 0, for 1 ≤ m ≤Me.

(24)
In real wireless environments, we have Rank

(
H

[1]
sp (k)

)
=

Mp and Rank
(
Rx(k)

)
= Mp. Therefore, the following

equation can be deducted from (24).

H[1]
sp (k)

∗Um = 0, for 1 ≤ m ≤Me. (25)

Based on (8) and (25), we have

H[1]
sp (k)

∗P(k) =

Me∑
m=1

αmH[1]
sp (k)

∗Um = 0. (26)

We now consider signal transmission in Phase II (see
Fig. 4(b)). Denote H

[2]
ps as the matrix representation of the

channel from SU 1 to PU 2 on subcarrier k in Phase II. Given
that the forward and backward channels in the two phases are
reciprocal, we have H

[2]
ps =

(
H

[1]
sp

)T
. Then, we have

H[2]
ps (k)P(k) =

(
H[1]

sp

)T
P(k) = H

[1]
sp (k)∗P(k) = 0. (27)

It means that the precoding vector P(k) is orthogonal to
the interference channel H[2]

ps (k). Therefore, we conclude that
the proposed beamforming scheme can completely pre-cancel
the interference from the secondary transmitter at the primary
receiver in Phase II.

APPENDIX B
PROOF OF LEMMA 2

For notational simplicity, we denote H(k) as the compound
channel between the SU 2 and the two transmitters (SU 1
and PU 1), i.e., H(k) =

[
H

[2]
ss (k)P(k) H

[2]
sp (k)

]
; we also

denote X(l, k) as the compound transmit signals at the two

transmitters, i.e., X(l, k) =
[
X

[2]
s (l, k) X

[2]
p (l, k)

]T
. Then, in

noise-negligible scenarios, (9) can be rewritten as:

Y(l, k) = H(k)X(l, k). (28)

By defining RX as the autocorrelation matrix of the com-
pound transmit signals, we have

RX = E(XXH)
(a)
=

[
Rxs 0
0 Rxp

]
=

[
1 0
0 Rxp

]
, (29)

where Rxs is the autocorrelation of SU 1’s transmit signal and
Rxp is the autocorrelation matrix of PU 1’s transmit signals.
(a) follows from our assumption that the transmit signal from
SU 1 is independent of the transmit signals from PU 1. Note
that Rxp is not necessarily an identity matrix since the signals
from PU 1’s different antennas might be correlated.

Based on (18), (28), and (29), we have

G(k)=
[ ∑
(l,k′)∈Qk

Y(l, k′)Y(l, k′)H
]+[ ∑

(l,k′)∈Qk

Y(l, k′)X [2]
s (l, k′)

∗]
(a)
= E

[
Y(l, k)Y(l, k)∗

]+E[Y(l, k)X [2]
s (l, k)

∗]
(b)
=
[
H(k)RXH(k)∗

]+[
H(k)I1

]
, (30)

where (a) follows from our assumption that the amount of
reference signals is sufficient to achieve convergence of G(k);
(b) follows from the definition that I1 is a vector where its first
entry is 1 and all other entries are 0.

Based on (10) and (30), we have

X̂ [2]
s (l, k) = G(k)∗Y(l, k)

=
{[

H(k)RXH(k)∗
]+[

H(k)I1

]}∗
H(k)X(l, k)

= X [2]
s (l, k), ∀l, k. (31)
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