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~ Abstract— In this paper we propose a new method of design- since they can in theory exploit the uplink (UL) downlink
ing the beamformer subspace in MIMO interference channel with  (DL) reciprocity in the radio propagation channel. Usingsth
a Time-Division Duplex (TDD) transmission scheme. In particu- transmission strategy the transceiver can obtain DL (UL)

lar, this method is applied to aSpatial | nterweave Cognitive Radio . -
scenario. In our model we do not requirea priori knowledge channel knowledge using an estimate of the UL (DL) channel.

of the Channel State Information (CSI) at the transmitters. However, in order to exploit channel reciprocity it is imfaort

The primary and the opportunistic (cognitive) users are able to compensate for the mismatch between the analog Tx/Rx
to obtain information required for Tx beamforming through  circuitry at both ends, this process is called calibrati¢h [
smart exploitation of received signal during a TDD time slot, , this haper we show how CR users can achieve channel
exploiting channel reciprocity thus reducing overhead for channé . . . . . .

estimation. The opportunistic user designs its beamformer in information of Fhe_pnmarylmk e>§plormg Oppqrtunlstlbﬁthe_
order to span the noise subspace at the primary receiver, thus 1DD communication between licensed devices. In addition,
intertwining its signal with the primary’s so that its signal lies we discuss the design of secondary transmitter signal so as
within the spatial whitespaces of the primary, possibly licensed to cause little interference to the primary communication.
system, causing no interference to the latter. particular, the secondary system is a spatial IW cognitiar

. INTRODUCTION that exploits spatial holes resulting from unused spatiadi@s

In the last few decades the number of wireless corf? the'latterr{ £ thi K th h

munication systems has grown exponentially and hence thé:)l:]”ng_ tde COL:;SG 0 tk's Worh, t Z;‘Ut ors came _Iacross
electromagnetic spectrum has become more crowded. Thi%rig)t er independent work [3] that addresses a similar CR
the reason for the popularity of th@ognitive Radio (CR) eamforming problgm (called opportunistic interfereniogna
concept [1]. In the CR paradigm a secondary user is allowed gt there) assum::]g pe_rfect ;(nov;/]Iedgg of all cZanneIs :nd
opportunistically communicate using the same spectrum aSH"¢ antenna con !gqratlons or the primary and seconaary
licensed player, as a result increasing the spectrum eftigie systems. Our work is in a more general setting and includes
In the Interweave (IW) paradigm of CR, see [2] for more 2" inventory of quantities to be estimated for solving the
on CR terminology, the opportunistic user can transmitgjsir?eamform'ng problem. The main contribution compared to [5]

the temporary space-time-frequency voids of the Iicens%%the demonstration that TDD is not just a possible option,
u

communication without generating any kind of interfereate t is crucial for spat@l 'V,V cognitive radio if unrealistic
the primary receiver. In this scenario the secondary trétesm overheads and communications between the two systems are

to be avoided. We also address calibration of Tx/Rx eleatson

design its transmitted (TX) signal, hence the primary regei that is a critical requirement in TDD systems and show that

(Rx) receives the opportunistic transmission into the disien €Ven though the opportunisl_tli)c TX nseds to know the noise
that is unused by the licensed user. As a result there is ﬁl{pspgcs a_t primary Sxd (;albranorf] etweden non cooperativ
degradation of the performance of the primary, possiblgdgg | * @nd R Is not needed for beamformer design.

system. . Il. SYSTEM MODEL
For efficient beamformer design the knowledge of chan-W ; he MIMO interf h | wh
nel state information (CSI) is required at the transmitter. e focus on the Interference channel where two

This makes Time-Division Duplex (TDD) systems desirablB‘?int,'to'point bidirectiongl links transmit using a TDDmS'
mission scheme. Even if our work can be applied to more
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in its vicinity. At the same time a cognitive Base Statidh;) In the interweave scenario unlicensed users must transmit
tries to opportunistically communicate to a cognitive Mebi without deterioring the licensed transmission. Becaudevat
User (M U,) without degrading the licensee’s communicatiorto medium signal-to-noise ratios (SNR) the primary trarismi
BS, and MU, are equipped with the same number ofers are expected to exploit a limited number of channel mode
antennasV; and alsoBS, and MU, have N, antennas. We the opportunistic transmitter can beamform its signal itkeor
focus on the case where the opportunistic users have a nunibefall in the noise subspace of the licensed communication.
of antennas greater than the primary usdks > N;. The This has been labelled an interference alignment technique
matricesH,; and flij e CN«*Ni are, respectively, the DL in [5]. To adapt its communication the secondary Tx has to
and UL channel matrices from transmitt¢rto receiveri, know what is signal subspace at the primary Rx. As discussed
wherei,j € {1,2}. The entries of these matrices dred. in the following this subspace can be learnt by an opportienis
complex Gaussian random variable. In the following we wikxploitation of the primary’s signal.
assume that all the channel matrices are fixed, this comelspo All TDD frames in both UL and DL are composed of two
to assuming that the channel remains constant for a sufficiéime segments, one comprising possibly multiple data stsea
number of TDD slots. and the second pilots embedded for channel estimation in the
In a TDD transmission scheme assuming perfect Tx/Rglevant link. In the primary link only data part of the frame
calibration the UL channel is the transpose of the relati/@ beamformed but not pilots. This implies that they span
downlink one [4] due to channel reciprocity. the entire channel space. On the other hand in the cognitive
H. — 1T (1) transmission pilots are also beamformed, thus ensuring tha
v Jr they do not interfere with the primary transmission. We assu

Thus an UL channel estimate can be used for designing gt the secondary TDD slots are aligned with the primary’s
transmit beamformer. We assume that channel estimates @mg classical spectrum sensing techniques.

obtained through pilot symbols. i
A. First TDD Sot

I1l. TRANSMISSIONTECHNIQUES AND CHANNEL In this first slot all devices in the system should start to

ESTIMATION get the knowledge that they need to transmit. In particular
the licensed BS transmits without knowledge of the downlink
channel and therefore cannot beamform transmitting ower th

BS, » MU, entire channelM U, can estimate the channel matrE,
using pilots. Cognitive users are assumed to be inactivieist t
H, H, time.
B. Second TDD Sot
BS, H,, » MU, MU; now knows the downlink channel matrix and hence

it can construct the beamforming subsp&g, € CN x4
using the reciprocity in equation (1), whedtlg is the number
In the Interweave cognitive scenario, licensee (primargf transmitted streams and is equal to the signal subspace

systems are not aware of the presence of secondaries whilithension. The received signal d&5; has the following
should ideally cause no interference. The primary Tx B&ructure. R
therefore assumed to be a Single User MIMO link (SU- vi=Hi1Tyuy, s +0y )
designed n order to maximize the wansmission rate and g & €. 15 the received signal veciogs € T s

he transmitted signal vector arid € CN1*! is the spatially

capacity-achieving solution is SVD beamforming and Water-, . : . : .
Filing (WF) [6]. Assuming low-rank Tx, the primary link white Gaussian noise with zero mean and variante

can decomposes into a signal and a complementary (noise 1U, proceeds with a SVD decomposition of the downlink
subspace P g P Y (NOFELI channel T, = ViA,; U7, uses as Tx beamformer

. Tyu, = Ui, taking the columns olU7 according to the

H-UAVH — [U,U,] [ A } { qu ] @) WEF solution. TheBS; can design its Rx filter aRps, =
A, Va VI, e Ch*N from the SVD of the UL channel. The signal

where subscripts or n refer to signal subspace and noisat the Rx outputr; € C4*! at BS; is written as

subspace respectively. The matricks and V are unitary ¥ =Rps Hii Ty, 81 + Rps, iy

matrices andA is a diagonal matrix that contains the singular — VT HTU* & + U iy = Ays .8 + i) (4)

values of the channel matrix. In order to waterfill in UL and 1,s 11 1,651 1s ™1 HhsPE

DL, both BS, and MU, must have complete knowledge OfwherqewAlLS is the c_hagonal ma'Frlx containing singular values

the primary channel and Rx noise variances. This informati@f Hi1 corresponding to the signal subspace and the vector

can be obtained partially through TDD reciprocity (pilotdl1 IS the post-processed noise vector with variange

for channel estimation) and partially through unavoidable At B:S2 the N2 x 1 Rx signal is given by

feedback. y2 = H, Ty, 81 + 0y = HL UG 81 +0,. (5)

Fig. 1: Downlink Channel



Assuming sufficient data samples, we can obtainBah a primary UL transmission is
Consistont eoumate ( the SR sense) of he pimany Rebon —y, — W, Tyw,sy + HETao £ (©)
yoy2 — £Y2Y2 - . .
Knowing Ufzyzthe BSjT?( beamformerT gg, € CN2xd> The RXx filter at BS; suppresses the opportunistic Tx from
1,81 2

can send at most, streams while ensuring its signal lies inM Uz. The received signal a5, nevertheless contains inter-
the noise subspace at the primary Rx. This implies that ~ference due ta/U;.

~ T ~ T ~ ~
Ry, Hi2Tps, =0 = Tps, = (Ryy,Hi2)t  (6) Y2 = HayTaw,82 + Hip T, S1 + 1. (10)
where A+ represent the orthogonal complement of the row IV. SECONDARY LINK OPTIMIZATION

space of the matria. ) e Once the secondary link beamformer subspace is defined in
Taking the MU, Rx in the definition of Tps, has the ,ger 1o cause zero interference at the primary receivees, w

a_ldvantage that in _the low to medium SNR of the primary,, optimize for the secondary link by designinglax ds

link, whgre the. primary 'Tx sends onlg; < N; of the square beamforming matriQ s, such thatT s, Qps, €

total available signaling dimensiaN,, the secondary Tx can spanTys, ).

(opportunistically) transmit at most, = Ny — dy streams. "o received signal ab/Us is given in (8). To find the
Qn the other. hand n the high SNR region, when the Primagyatrix Qgs, we need to solve the following optimization
link use up its entire degrees of freedom (DoF) for Spat'ﬁlroblem:

multiplexing, the secondary can always transiit= No — Ny

streams. " . . )
~ énax log, det | I+ QBSZ TBS2 Hg,ngmHz,zTBsz Qss,
H BSo
BS, '« s MU, K
i q st. trac€T ps,Qps,Qhs, Ths,) = P> (11)
12 21

P, represents the transmit power constraint at the secondary
MU link and.Rm = H2,1T351T§SIH§{1+UELI is thg interferenge

i, 2 plus noise covariance matrix. The problem is the traditiona
Fig. 2: Uplink Channel waterfilling in colored noise.

BS,

A

A. Feedback Requirements and Differential Feedback

To find the solution of the optimization problem abab&,
0ouId know the covariance matri. It must be remarked
that even using TDD transmission scheme there is no way for

S5 to know the interference plus noise covariance matrix,

C. Third TDD Hot

From this TDD time slot onwards starts the steady state %}f]
the system. This means that also the cognitive BS starts
transmit to theM U,. As for the reverse link, in the primary

forward link B.S; constructs its beamforming subspace usi : N
SVD of the channel matrisH,;, Tgs, — V.., and MU, nﬁm at MU,. A feedback ofK to BS, is therefore inevitable.

uses as RXRu, — U{{,s' The opportunistic BS starts toIn order to reduce the rate penalty due to feedback the entire

o . . : .matrix, we propose differential feedback [7].
ransmit i hen he receiv ignal rimary MU i . X
transmit its data hence the received signal at primary MU i In this technique the Rx and Tx both generate a common

y1 = Hi1Tpg st + HioTpg,s2 + 1y (7)  random codebook of Hermitian matrices from which they

In order to extract the useful dafefU/; applies the Rx filter choose the appropriate matrix. In particular the receiger,
to the received signak; = Ry;u,y1. The BS, beamformed cording to the received signal, chooses the Hermitian matri
signal lies in the noise subspack,U; sees no interference.that is closer to the real covariance matrix. The infornmatio
On the other hand/U, receives signal from bott5; and that is fedback is the index corresponding to the chosen
BSy: matrix in the codebook. Using the index and the correspandin
yo = HyoTps,ss + Ho Tps, 81 + no (8) random matrix the transmitter finds the Tx filter through WF.
This process continues until convergence or a certain numbe
MU, using the beamformed pilots incorporated into thef iteration is reached, refer to [7] for more details.
secondary data frame, can estimate the secondary link beanffhe main advantage of differential method is that the
formed channelH;;Tpgs,. Using this information it de- amount of feedback is not related to the matrix dimensions.
termines the transmitter subspace of the primary downlirhe number of bits required i8 = log2(Q), where Q is
using second-order statistics (SOS) of the received signaé cardinality of the codebook. The disadvantage of this
y2. Similarly to BS, the beamformer subspace &U, is: method is that it is sensible to transmission error, in par-
Tyu, = (Rps, H3) )+ ticular if the transmitter chooses the wrong matrix, due to
feedback errors, the beamformer matrix is no longer optimal
D. Fourth TDD slot Fortunately, it turns out that differential feedback is usb
In this slot all nodes have the knowledge they need amainst transmission errors. At every iteration beforeiffigd
transmit to corresponding receivers. The received sightéleo the new covariance matrix, the receiver should verify if the



transmitter has used the right matrix to design the beandgormas function of the UL channel SVD decomposition using the
In particular it computes an appropriate cost functiongisire  calibration filters as:

received cpvariapce matrix. In addition iF computes theesam Dy, = Py, UL Pys, = Pry, W-DZ Py, (15)
cost function using the covariance matrix that it would have } _ ] ]
received if the transmitter would have used the covarianfe Order to diagonalize the DL Ch?”n@& designs its
matrix corresponding to the right fedback index. It compar@@amformer subspace &gs, = P 2", and hence the
the results and if they are different it tries to find out th&eceiver filter atM U, is given by: R, = WP/, .
covariance matrix that the transmitter chose, and uses thiPuring UL transmission it is possible to design the trans-

matrix for the next iteration. mitter and receiver filters using the UL channel as reference

In doing so, calibration filters do not appear in the exp@ssi

V. UPLINK DOWNLINK CALIBRATION and thus the transmitter matrix aU; is Ty, = W and

D, . the receiver filter a3 S, is: Rps, = Z.
M
B. Secondary Beamformer Design without Crosslink Calibra-
(T} {7} { T B
S’,

MU The signal at secondary BS due to primary and secondary

B 2
RC?—{ Rp M HTM T F Tx is expressed as
np
U;

H—/ -~ - - -
g y2 = U1 Ty, 81 + U Ty, 82 + 1z (16)
Fig. 3: Reciprocity Model Knowing Uz Ty, estimated throughM/ U, beamformed
. . ilots, B.S; can determine thé/U; Tx subspac@J,; W using
The overall UL and DL channels, Fig. 3, can be written ag‘econd order statistics.
U, = RgHL Ty (12) Now let us consider the signal U, after the RXx filter,
D;; = RyH,;Ts (13) Wwhich is given by
where the matrice®' 5, Rz and Ty, Ry, represent transmit 1 — Ruyu, D1 Tps,s1+ Ry, D12 Tps 8o +ni - (17)
and receive circuitry at BS and MU respectively and with i 1int
dimensionsV; x N;. It is possible to express the DL channelherer, , represent the useful signal part and;,,; contains
in function of the UL channel, and vice versa: the interference term.
D;; = Ry T,  ULR; T5 (14) The objective of secondary user is to transmit without
" causing any interference to the primary system. BS.
Pau; Pas; must design its beamformer subspace such thai: = 0.

The calibration matriced;;;, and Ppgs, only depend on Expressing the DL chann®, as function of the UL channel

electronic components at respective sides. The objective #hd the calibration filters we can write

relative calibration is to find these matrices using estamat TerT

of the UL and DL channel obtained through classi?:al channef bt = R D12Trs; 82 = Wi U Prs, Tas, 2 (18)

feedback operation [4]. Complete calibration requires an pecause3S; knows the calibration filteP s, it is possible to

to DL and another DL to UL training phase between usersparameterizél' zs, = P55 Tps,, S it is possible to design
The question is, "How to calibrate the cross links in a Cthe beamformer subspace, in order to cause zero interferenc

system where communication between primary and secondaky U1 after its receiver filter, as

systems is not allowed?”. As we shall see in the following Tps, = (WIUL)L (19)

despite the stringent secondary beamformer requirement of . . .

apportioning signals so that interference lies in croksix Slmllar treatmer_1t applies to the design bfl, beamformer

noise subspace, no calibration is required between cmdxssIYVh'Ch are not discussed for lack of space.

Tx-Rx devices. This discovery is the key to realizable 'mte[j It is |trrr:pokr)tant fto remarkbthat seco_ndar_i/ transmlttlgt; C? n
weave CR systems! esign the beamformer subspace using its own calibration

It must be noted that in our CR scenario calibration phag%cmr‘ obtain(_ed during the calibration phase qnly with its
of secondary link will interfere a little with the primarynlk ntended receiver, the uL Ch‘?‘””e' and the receiver _subspace
(and vice versa) but considering that the training phase M.U1 th"?‘t are estlm atgd using second order. statistics .Of the
calibration is infrequent, the interference caused isigdgeé. :ggili\rlsg signal. Calibration with non cooperative usensos
A. Primary Beamformer Design with Channel Calibration

In this section we will discuss how calibration of Tx-Rx
electronics impacts beamformer design Despite a pragmatic approach taken in this work to spatial

BS, performs an SVD decomposition of the UL channehterweave CR design, we nevertheless make one strong
Ui, = ZDWY that it estimates directly using pilots trans-assumption, namely the Tx/Rx subspace is the same in the
mitted by MU, . The primary link DL channel can be writtenprimary system. In practical system this condition may not

V1. PRACTICAL CONSIDERATIONS INSPATIAL IW CR



Rate Vs SNR for Primary and Secondary
T T T

be satisfied for a multitude of reasons, for example differen

ratio of power constraint and noise variance between3e i .

and M U; may lead to different number of streams in UL and Tl Seey W

DL. One subspace will be the subset of the other. A more

drastic difference could be the presence at one end of ablore

noise instead of white noise or different colored noises at

the two ends in which case whitened channels may lead to

unrelated Tx/Rx subspaces. In such cases, secondary system

can resort to zero-forcing beamforming at crosslink channe ‘ T ek

output if enough degrees of freedom are available. Thisiespl . )

a reduction in number of secondary Tx streams but the IW Fig. 5: Rate forN, =6 and N; =8

paradigm is still satisfied. ) o )
If the primary link is affected by colored noise due tJeedback bits. As can be seen there is little difference detw

secondary link leakage, one may observe that the CR !¢ two techniques.

no Izr_wger [E;ric\xlyh spatri]gl irllﬂterweaveTgrlljd _fits the undehrlay VIIl. CONCLUDING REMARKS

paradigm [2]. en this happens, is not enough to .

design Tx/Rx filters and feedback is also required betweenWe addressed beamformer design for secondary systems

BS, and MU,. Furthermore, estimation of interference plu%;gr;gtim;emea?/e Cth‘?r/]Si;fim fg:];iti iC%u'reXCIZ?t?:el ?itat:r n-
noise covariance matrices is needed for channel whitemidg a . 0 oPpo N on by exp g prim

primary beamformer design. In some way, the CR problerci%gnal statistics and the reciprocity of the un_derlyin_g TDD
starts resembling a classical MIMO interference channel. channel. The beamformer for secondary Tx is designed so

that the secondary signal lies in the noise subspace of the
VIl. NUMERICAL RESULTS primary signal. It must be noted that the key assumption to
guarantee success of such a scheme is the reciprocity of the
TDD channel. Tx/Rx calibration is therefore mandatory. The
main contribution of this paper is the discovery that despit
:::::::z::j:ij;f;":“k the requirement for channel reciprocity between noncoper-
- } ative users, calibration between crosslinks is not reduire
To optimize secondary-link communication, the beamformer
is a cascade of two beamformers, the first ensuring zero
interference to the primary Rx and the second diagonalizing
the whitened channel of the secondary. To enable wategfillin
in the secondary link, we make use of differential feedback i

Rate bit/sec/Hz

Rate Vs SNR for Primary and Secondary

Rate bit/sec/Hz

_ ofm T 7T this link and propose a modification of the feedback algatith
Fig. 4: Rate forN; = 6 and N, = 6 in order to make it robust to transmission errors.
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