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Abstract—Channel state information at the transmitter coherence time as well as outdated CSI when feedback delay
(CSIT) aids interference management in many communication js |less than channel coherence time.
systems. Due to channel state information (CSI) feedback ey If CSI feedback is not too delayed, is it possible to increase

and time-variation in the wireless channel, perfect CSIT is . .
not realistic. In this paper, the CSI feedback delay-DoF gai the DoF gain by using both outdated CSI as well as current

trade-off is characterized for the multi-user vector broadcast CSI? In this paper, we show that there is no DoF loss
channel. A major insight is that it is possible to achieve the compared to the case of CSI feedback without delay, even if
optimal degrees of freedom (DoF) gain if the delay is less CS| feedback delay exists, if the delay is less than a derived
than a certain fraction of the channel coherence time. This {4 :ion of the channel coherence time. For instance, we/sho
premsel_y characterizes the_ intuition that a _sm_all delay shuld that the2 of DoF gain (cut-set outer bound) are achievable
be negligeable. To show this, a new transmission method cadi g - s
space-time interference alignment is proposed, which actively for the MISO broadcast channel where a transmitter having
exploits both the current and past CSI. N; = 2 antennas support& = 3 users having a single
antenna if feedback delay is less than one-third of channel
coherence time. Prior work conjectured that there was away
Channel state information at the transmitter (CSIT) ia DoF loss for any feedback delay. In our work, we show
important for optimizing wireless system performance. Ithat there exists a CSI feedback delay threshold such that
the multiple-input-single-output (MISO) broadcast chelnn it does not degrade the system performance from a DoF
CSIT allows the transmitter to simultaneously send mudtippberspective. This achievability result is shown through th
data symbols to different receivers without creating mutueonstruction of a new transmission method called space-
interference by using interference suppression techsiffile time interference alignment (STIA). The basic idea of STIA
[2]. Prior work on the MISO broadcast channel focused as to align inter-user interference signals between the pas
the CSIT uncertainty caused by limited rate feedback [3dbserved and the currently observed while providing lityear
[4] and showed there are no degrees of freedom (DoF) lastiependent linear combinations of the desired symbols to
compared to the perfect CSIT case, if the CSI feedback rake corresponding users using both outdated and current CSI
per user linearly increases with signal to noise ratio (SNRurther, by using the derived result and leveraging results
in dB scale. Meanwhile, it has been conjectured that CS[%], we characterize a CSI feedback delay-DoF gain trade-
uncertainty due to feedback delay significantly degrades toff for the vector broadcast channel. Through this trade-of
DoF gain. analysis, we provide an insight into the interplay between
Recently, assuming only outdated CSI at the transmitter, @S| feedback delay and system performance from a DoF
was shown that [5] DoF gains greater than that of TDMA cagain point of view.
be achieved in the context of MISO broadcast channel. The
key idea from[[5] is to exploit the perfect outdated CSIT as Il. SYSTEM MODEL
side-information, which allows the transmitter to alignein Let us consider & -user MISO broadcast channel where
user interference between the past and the currently eteia transmitter with’N; = K — 1 multiple antennas sends
signals. Motivated the work in_[5], extensions have bedndependent messages to a receiver with a single antenna.
developed for other networks such as a single antenna 3-Uske input-output relationship at theth channel use is given
interference channel][6] and multiple antenna interfeeenpy
channel([7]. The common assumption of previous work [5]- T
[7] is that the transmitter only has delayed CSI. Depending y®n] = ™" [n]x[n] + 2 [n], (1)
on the relative difference between CSI feedback delay a
channel coherence time, however, it may be possible for the ) *) *) ) 17 N1
transmitter to use current CSI during a fraction of the cleanrmitter, h®)[n] = k" [n], hy”[n], ..., hy; [n]} € CMtx

I. INTRODUCTION

erex[n] € CNe*1 denotes the signal sent by the trans-
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Ex) At time slot 6, the transmitter has outdated CSI for the first channel block
+ current CSI for the second channel block

Fig. 1. CsSl feedback model whefi. = 3 andTy;, = 1. As shown in the figure, at time slot 8, the transmitter hasatedge of current CSI for the 3-th
block channel and outdated CSI for the first and second blbekimels.

represents the channel vector from the transmitter to user a function ofy and SNR. Using this notion, for
k where all elements of the channel are drawn from awodewords spanning: channel uses, a rate of user
independent and identically distributed (i.i.d.) contes R()(y SNR) = M is achievable if the prob-
random variable; anc:*)[n] ~ CA/(0,1) denotes iid. apility of error for the message:”) approaches zero as
Gaussian noise at usdr with zero mean and unit vari- , — o, The achievable rate regioR(v,SNR) is de-
ance fork € {1,2,...,K}. We assume that the transfined as the set of achievable rate tupl$y, SNR) =
mit power at the transmitter satisfies an average constra{'qg(l)(%sNR)’ ...,R®(+,SNR),.. .,R<K>(7,SNR)). The

E [Tr (x[n]x*[n])] < P. Further, we assume that each mobilgytal sum DoF characterizing the high SNR behavior of the

user has perfect CSI at the receiver. achievable rate region is defined as
A. Block Fading Channel and CS Feedback Delay Model K ZK R9(y, SNR)

In this paper, we assume that a block fading model 4() = Zd(i) (y) = lim i=1 v _ @)
where the fading channel values are constant for the channel st SNR—00 log(SNR)

coherence tim&, and change independently between blocks.
Under the block fading model, as illustrated in Fig. 1., each!!l- SPACE-TIME INTERFERENCEALIGNMENT (STIA)
user feeds back CSI to the transmitter evéfytime slots USING CURRENT AND OUTDATED CSI

where T,. denotes channel coherence time. If we consider

feedback delay timé&’, is less than channel coherence time The purpose of thls section Is fo present a motivating
ixample for the special case f= 3 andV; = 2 to explain

i.e., Ty, < T, the transmitter acquires knowledge of CSI . . . :
Ty, time slot after the time slot sent back CSI by the use?[s.e idea of the proposed algorithm, which simultaneously

Specifically, if a user feeds back CSI at time shat the éxploit both outdated_ CSI and current C_SI so that eagh
) ) ! user sees the same interference pattern in space and time
transmitter has CSI at time slat+ 7' in our model.

Let us define a parameter for the ratio between the C%?mams. Through this example, we prove the following

feedback delay and the channel coherence time as%. eorem.
We refer to the case where> 1 as the completely outdated
CSI regime as shown ir_[5]. In this case, only completel

outdated CSI is available at the transmitter. We refer to t h|evedcg)rf the 3-qser 3 x 1 \:jector d br;adCcSaSIE channgl i
case wherey = 0 as the current CSI point. Since there is ngurrent or two time Siots and outdat or one time

CSI feedback delay, the transmitter can employ current C%?t are ava|IabI§ at the transmitter. )
over all time slots. As depicted in Fig. 1.,4f= %, the BS is Proof: In this proof, we show that 6 independent data
mymbols are delivered to three users over 3 time slots
h® 1], h® 6], h(*)[8]} where the transmitter has current
and outdated CSI at time slot 6 and 8 but no CSI knowledge
B. CS Feedback Delay-DoF Trade-Off at time slot 1 as shown in Fig. 1. Note that since the all three
Since the achievable data rate of users depend tme slots belong to different channel coherence blocKs, al
the CSI feedback delay and SNR, it can be expressel@ments of the channel are i.i.d. random variables.

Theorem 1: The optimal DoF of 2 (outer bound) is

able to exploit an instantaneous CSI over two third of chan
coherence time and outdated CSI for the past channels.



1) Phase One (Obtains Interference Pattern): This phase  The main idea for designing beamforming matkix*) [n]
consists of one time slot. In this starting phase, the tratesm is to make all the receivers see the same linear combi-
has no knowledge of the CSI due to feedback delay. tration for interference signals during time slot 1 by ex-
this phase, the transmitter sends a total of six differetd dgploiting current and outdated CSI. For example, user 2
symbols; two of them are intended for each user. To this erayd user 3 received the interference signals in the form
each user obtains an equation that consists of two desigdZ(2D[1] = h{P[1]s") + pP[1)sY and LBD[1] =
symbols and four interference symbols. Consider time slot;1*)(1 1]s! SO h(3)[ ]Sé ), which received information about
as an example, the transmitter sends six mdependent sgmi@ler 1 at the time slot 1. Therefore, to deliver the samefinea
Wheresgl) ands, () mtended f0r user 13(2) ands )intended combination for the undesired symbols to user 2 and user 3 at

for user 2, ands ) and s ) intended for user 3 without time slotn = 6, 8, the transmitter constructs the beamforming

preprocessing matrix carrying symbolss{" ands{" as
3
x[1] = Zs(k), 3) h® T[] ) h®7T[1]
k=1 [ h(3)T[n] :|V [ ] [ h®T [1] :| (8)
where s(*) = [sgk),sg“) " Neglecting the noise at the
receiver, each user saves the following equations Similarly, to make the interfering users receive the same
0 A (1.2) (1,3) linear combination of the undesired symbols, which is lin-

y ] = LU+ L+ L5, (4) early dependent (aligned) with the previously overheard

yA[] = LAY+ L[]+ L33,  (5) equation during time slot 1, the beamforming matrices car-

y@®] = LG+ LBA[1] + LG, (6) rying data symbols for user 2 and user 3 are constructed

to satisfy the following space-time inter-user interferen
where L(%9)[1] denotes a linear combination seen by usefignment conditions, which are given by
k for the transmitted symbols for usér Thus, the linear
combinations are defined as

hWT[p h(WT[1
L] = AOEsY 4 a0 [a]sD, [ h(s)cpH }V(r“)[nl = [ h(s)TH } (10)
1020 = m s + g s,
090 = ngst + a5V )ssY, and
£eon) = aPst + g7 sy, - nr
LA = AP[s® + P[P, o [V = R | @
L(2’3)[1] hg?)[l]sg + hé2)[1]8é3) h [Tl] h [1]
1OV = (st + A (1)s”, . .

(3.2) 31 (2 1 (31 (2) Since we assume that channel coefficients are drawn from a

L2 = h[si” +hy sy, continuous distribution, matrix inversion is guarantedthw
L@ = AP + aP)s?. high probability. Therefore, it is possible to construetntsmit

beamforming matricey (V[n], V@) [n] and V3 [n] as
2) Phase Two (Same Interference Pattern Generation):
The second phase uses two time slots, nec {6,8}. In

this phase, the transmitter has knowledge of both currest an VO] — h®7T[p) 171 [ h@T[] (12)
outdated CSI thanks to feedback. Specifically, at time slot 6 — | h®T[p] h®T[] |
a}nd 8, the transmitter has current CSI and outdated CSI for @ h(DT [y -1 h(DT[1]

Using this information, at time slot 6 and time slot 8,
the transmitter simultaneously send two symbols for the
dedicated users by using linear beamforming as and

3
(k) n] = ZV(k) [n]s(k), n € {6,8} @)

VO = { h{VT [n] ]1 { h(OT1]

W7 [n] hOT[1] ] . (14)
whereV(*®)[n] € C2*2 denotes the beamforming matrix used

T
for carrying symbol vectos®) = [sgk),sék)} at time slot Therefore, if we denoteﬁ(l)T[n] = hWT[p)VvW[n] and
n, wheren € {2,3} andk € {1,2,3}. LOD[n] = hWT[p]s() for n = 6,8, at time slot 6 and
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time slot 8, the received signals at user 1 are given by 3) Decoding: Now, let us consider decoding at user 1.
User 1 already has knowledge of the interference signal
ZhUT )6]s™) L[] and L(M3)[1] acquired from time slot 1. From

the phase 2, user 1 received the same interference signals
:hmq]vuq]u4hmq]V@%b@4hmquw%bw>LO@D]mmLﬂ@u]mnmesmtzmmsaggmwnmcw)
_ ﬁ(l)T[G]s o h(l)T[l]s(g) n h(l)T[l]s(g) and (16). Therefore, to decode the desired signal, intmfar
cancellation is performed as

= L6 + L<1 2] + L<1v3>[1], (15)
yOl-y®lel = LD+ L02]+ L0
y M8 Zh TR )[8]s*) — LMV — L[] — L3
— 1) 1] - LD 6]

:h(1)T[8]V( )[8]5(1) h® [8]V(2)[8]5(2)+h(1)T[8]V(3)[8]s(3)
— ROTRIs™ 4 hOT[1)s@ 4 nOT[1]s®)
= LOD[8] + LED 1] 4+ LOI[1). (16)

- (h<1>T[1] - h<1>T[6]V<1>[6]) s1(21)

- MM —yMi8] = L®EY 4+ LE2D 1)+ L3531
it we denoteh®7[n] = kT [V (] and 22 = ¢ DY 8 g g g
~ : . . 1 1)[8] L(1,2) [1] _ L(1’3)[1]
h®7T[n]s( for n = 6, 8, the received signals at user 2 during »
time slot 6 and 8 are given by D) - L[]

- (h<1>T[1] - h<1>T[8]V<1>[8]) s(1(22)

Zh 2T ) [6]s™)
After removing the interference signals, the effectiverorel

=h(2)T[6]V(1)[ ]S(l)+h(2)T[ [V @)[8]s@+h@ 6|V ®)[g]s3) input-output relationship for user 1 during the three time

L @T1e() L () a1a(2) (2)T111(3) slots is given in (9) (Please see the top of the this page).
=" (s + hH6]s™ + h = {]s Since beamforming matriv () [n] for n = 6,8 was de-

=LV + L(2 6] + L(Q’?’)[ 1], (17) signed regardless of the current direct charif@l”[1], the
o 27 *) elements of the effective channel vector observed at the tim
y Zh '[8)s slot 6 and 8, i.e.,[hg”[(s],hy)[ﬁ]} = hWT[EVD 6] and

TSV g TSV O8] bV gl Lhi”[SL, hét”[8]}d= h(l)'T[S}V(l)TE'] are also statsticall in-
T 11a(1 2T (g14(2 NT 11 (3 ependent random variables. This implies that the three-cha
= h((;l)[l]s )J(F;;)( e ]S((;J B [1]s nel vectors,h(V7[1], hWT VL[], and KT [S]VD[8]
= L[]+ L8 + L. _ 8) are linearly independent. Therefore, r m{g? = 2 with
Finally, for user 3, if we denoteh®”[n] = probability one. As a result, user 1 decodes two desired
h®T R VE[n] and LG [n] = h®T[n]s® for n = 6,8, symbols within three time slots. In the same way, user 2
the received signals at time slot 6 and 8 are given by and user 3 are able to retrieve a linear combination of their
desired symbols by removing the interference signals and
y (6] Z h® 76V [6]s*) can use the same decoding method. Since the transmitter has
delivered two independent symbols for its intended user in
:h(3)T[6]V(1)[8]s(1)+h(2) T8IV )8]s D+ h®)7]6) vV 3)j6)s(®) three channel uses, a totalk= ¢ = 2 DoF are achieved.m
1 (3)T11(1) BT L G613 Now we make several remarks about the STIA algorithm.
B 2(3 1)[[11]]S+ LJ(F?,};)[ 1 EL]L(&;)F[G}]I (s (19) Remark 1 (Role of outdated CSI) The role of outdated CSI
’ is to provide opportunity to exploit the overheard inteefece
signals as side information. Specifically, by using not only
y(S) Z h 3)T ]S(k) current but also outdated CSlI, the transmitter can cortstruc
the beamforming matrix for STIA so that the currently
:h(S)T[ ]V( )[ ] WL K®T B ]V(2)[8]s(2)+h(3)T[8]V(3)[8]S(3) send_ing interfergnce signals '_should be the same_with the
— hOT[)sD 4 ROT[)s@ 4 ROT[5)s®) prewously seen mterfergnce signals. Therefore, theivede
interference signals during the second phase can be ggrfect
LED[] + LGA[] + LGA)[8), (20) eliminated from the saved interference equation in the first



phase as side information. This leads to an increase in the power constraint is satisfied. This modified algorithnyma
DoF due to exploitation of the delayed CSI feedback. occur the performance loss but does not affect to the DoF

Remark 2 (Comparison with MAT method in [5]): Due gain.
to the requirement for current CSI, our CSI assumption is
more restrictive than that demanded in [5]. The proposed ) ) )
algorithm, however, reduces additional CSI feedforwarerov [N this section, we characterize a CSI feedback delay and
head in [5]: it does not need to swap the linear combinatioR9F gain trade-off for the 3-usez x 1 MISO broadcast

of the desired symbols to obtain a new observation of tffannel by using the proposed algorithm in the previous
desired symbols. section. We first prove the following theorem.

Remark 3 (Comparison with transmission algorithms Theorem 2: There is no DoF loss tﬁ)r Fhe 3-user 2 x 1
using imperfect current and outdated CSI in [8] and [9]): MISO broadcast channel when Tq < 7, i.6.
New transmission methods combining MAT in| [5] and ZF 1
method using both current and outdated CSI were developed div)=2, for 0<y<gz. (23)

for the two-user vector broadcast channellin [8] and [9].  proof: Recall that zero-forcing (ZF) achieves the optimal
Main difference with our assumption is that imperfect cotre por \when CSI feedback delay does not exist, dé0) = 2.
CSI estimated by using temporal channel correlations j$erefore, if we can show thai(%) = 2 by using the
used in transmission algorithmis [8] and [9]. Meanwhile, OWroposed algorithm, it is possible to show thﬁ(%) — 9
transmission algorithm exploits perfect current CSI. BSeR o the region of0 < v < 1 by using time sharing between
of different channel knowledge assumption about curregfe proposed STIA and Z?i:. Therefore, we only need to show
CSl, the algorithms in_[8] and [9] cannot achieve the Optim%hetherd(é) — 2. Without loss of generality, in this proof,
DoF for the vector broadcast channel when CSI feedbage assume that the duration of the channel coherence is three
delay exists. time slots7, = 3 and the feedback delay time is one time slot
Remark 4 (Connection with index coding problem) T, = 1, i.e., v = %. Due to one time slot feedback delay,
The index coding problem was introduced in[10] and hage transmitter can acquire CSlat- 1 andn + 2 time slots
been studied in subsequential work[11]. Further, the indgxhe user sends back CSlI at time slotUnder this channel
coding was studied from network coding [12] and interfeknowledge assumption, we show thﬁ%) — g — 92 of DoF
ence alignment/[13] point of view, respectively. An indexre achievable. The key idea is to divide total time slots
coding problem is a follows: when a transmitter has a set pfto different subsets of slots. According to different sets
information messaged” = {Wy, Wa, ..., Wi} for multiple  of time slots, we apply different transmission strategtes:
receivers and each receiver wishes to receive a subsét ofproposed STIA, ZF and TDMA.
while knowing some another subset 3f as side informa-  Time Resources for STIA: For the STIA algorithm, the
tion. The index coding problem is to design the best encodif@nsmitter can send two independent data symbols per user
strategy at the transmitter, which minimizes the minimumy spending three time slots where one is outdated CSI
number of transmissions while ensuring that all receiveghd two are current CSI at the transmitter. Therefore, we
can obtain the desired messages. The proposed algorithmd@st a set of time slots where one is outdated CSI and two
the same objective with index coding algorithms developegle current CSI at the transmitter for applying the STIA.
in [10]-[11]. This is because during phase one, each usBlippose that the total number of time slotSis+ 6 where
acquires side information as form of linear combination of is a large positive integer. Let us define an index set
all transmitted data symbols where the linear coefficients — {3k — 2,3k + 3,3k + 5} wherek € {1,2,...,n}.
are created by wireless channel. The main transmissipgr example, as shown in Fig. 1.,7f= 3, there exists total
algorithm during the second phase is to minimize the nuUmbgs time resources and three index sets can be defined as
of transmissions while ensuring that each user resolves the= {1,6,8}, I, = {4,9,11}, and I3 = {7,12, 14}, respec-
desired data symbols by using outdated and current Célely. According to the definition of the index set, the first
Here, the system can minimize the number of transmissiogi@ment 3k — 2, corresponds to the case when outdated CSI
during the second phase by using the beamforming thatavailable at the transmitter, while the second two elemen
converts current channel into outdated channel going girou3 + 3 and3k + 5, corresponds to the case when current CSl
interference symbols, which allows that each user elirematand outdated CSI is available at the transmitter. Thus, we
interference signals observed during the second phase baggply the proposed STIA by using the time index sets. Notice
on side information acquired at the first phase. that since we assume that the total available time resource
Remark 5 (Implementation Issue)Since in the DoF anal- is 3n + 6, 3n time slots, i.e|{l; U I5,U...,Ul,}| = 3n
ysis it is assumed that the transmitter sends the signal wikist for applying STIA. As a result, it is possible for the
large enough power, the beamforming solutions containignsmitter to delive6n independent symbols to three users
matrix inversion do not violate the transmit power consirai by spendingn time slots among the total + 6 time slots.
In practice, however, when the transmitter has a finite powerTime Resources for ZF and TDMA: Since the3n time
constraint, we need to modify the proposed algorithm so thelbts have been used for STIA among the total time resource

IV. A CSI| FEEDBACK DELAY-DOF GAIN TRADE-OFF



4 Therefore, as goes to infinity, the system achiev«ﬁ(%) =2
ZF Theorem 2 (Proposed) of DoF gain asymptotically. |
\ / We interpret the result in Theorem 2 by characterizing a
d(0) = 2 Proposed region CSl feedback delay-DoF gain trade-off for a three userl
N MISO broadcast channel.
MAT Theorem 5 in [5] Theorem 3: A CSl feedback delay-DoF gain trade-off for
‘ ‘ / d(1) =3 the 3-user 2 x 1 MISO broadcast channel is given by
: N
T S N T ‘
ZF-MAh’ region \\ ! TDMA 2, for 0<~< %,
‘ VAR SN —— dy) =4 =3y+3,  for l<a<T, (27)
i /o idiy>1)=1 3 for v>1
| ZF-TDM{\ region !
; . Proof: From Theorem 24(3) = 2 of DoF are achiev-
 Completely delayed regime - aple when the CSI feedback delay is one-third of the channel

y=0 ~= 1 | 1 <~ i coherence time. Further, when CSI feedback delay does not
No delay 3 - exists, i.e.,y = 0, d(0) = 2 of DoF gain are achieved
by a conventional ZF beamforming wheN; = 2 and
Fig. 2. CSl feedback delay-DoF gain trade-off for the 3-wer1 Miso K = 3. Wheny > 1, (c_orr_wplete!y outdated delay reg]m(_"-')y
broadcast channel. div>1)= % of DoF gain is achievable by the transmission

method proposed in[[[5] Theorem 5]. It is possible to achieve
any points in the line connecting three points betwéeg,

3n+6, the remaining time resources becosnet-6—3n =6 (1), andd(1) by using time-sharing. The result is illustrated
time slots. Let us express the remaining time slots in termgFig. 2. u

of index as Remark 6 (Comparison with other algorithms): Let

In = {1,2,... 3046 —{LUL,U... UL, us consider a conventional transmission method, which uses
" { n+6—{hUL } ZF when current CSIT is available (time slots with blue
{2,3,5,3n+1,3n +4,3n + 6}. (24)  circle in Fig. 1.) and TDMA when current CSI is unknown

Recall that for the time index dfk+ 1 wherek is a positive [0 the transmitter (time slots with red square in Fig. 1.).
integer, the transmitter sends data by using TDMA becauS¥ ime sharing between %F a”dQQ;?:'lViﬁh it s possible to
CSIT is not available due to feedback delay. AlternativelynoW that thEdZF—TDMﬁ@)_ = =55 = 3 of DoF

the transmitter delivers multiple data streams by using 7€ achievable when = 3. Similarly, if we consider time

because the transmitter is able to use CSI during the otif&@2ing method between ZF and MAT, it is possible to

3
time slots excepting thek + 1-th time slot. Using this Show that thedzr_aar(3) = 22520 = 1L of DoF
observation, we decompose the remaining index/geinto are achieved wheny = 3. Since the proposed algorithm
two index sets for ZF and TDMA transmission as achieves the 2 of DoF when = 3, we obtain thei of
DoF gain over ZF-TDMA andé— of DoF gain over ZF-MAT,
Ir =1zrUlrpma, (25) respectively. Therefore, as illustrated in Fig. 2, the psED

transmission algorithm achieves the higher CSI feedback

where Izr = {2,3,5,3n + 6} and Irpya = {37 + gelay-DoF trade-off region than that obtained by the other
1,3n + 4}. For the time slots iz, the transmitter Sendstransmission techniques

two independent data symbols by using ZF beamforming.
Therefore, it is possible to send the a totatlata symbols
by spending four slots. For the time slots Iapya, the
transmitter sends one data stream to one user.

Asymptotic the DoF gain: We have divided the total time
resource3n + 6 into three different groupsNstia = 3n,
Nze = 4, and Nrpya = 2 according to the different
transmission methods that apply. Hence, using the ti
sharing, the total DoF gain can be achieved by spending
3n + 6 time resources is given by

Remark 7: The proposed CSI feedback delay-DoF gain
trade-off shows that if users feedback CSI to the transmitte
within 33% of channel coherence time, the system perfor-
mance is not degraded from a DoF perspective.

Example: If we consider a LTE system using= 2.1 GHz
carrier frequency, which serves users with mobilityvof 3
nngﬂh (walking speed). In this case the channel coherence

e can be roughly calculated 8% ~ ﬁ = 21.4 msec
two radio frames) where: denotes the speed of light.
Therefore, if the users can feedback CSI within 7.133 msec
(7 subframes), the performance loss does not occur from
a DoF point of view. From this observation, the proposed
STIA algorithm can be interpreted as a CSI delay robust
transmission algorithm.

6
- X3In+2x4+1x2
3 eV Ve

d 1\ st ZF - TDMA ~ 6n+10
3) 3n+6 T 3n+6"

(26)



V. GENERALIZATION OF STIA for userk at time slotn, is constructed as

In this section, we generalize the STIA algorithm fer>

3 andN, = K —1. For the case of multiple receive antennas, T h(T ] T -1 - hOT[1] T
the similar generalization of STIA is studied in [14].
Theorem 4: min{ K, N;} = K — 1 DoF are achieved for : :
the K-user (K —1) x 1 vector broadcast channel if current VB[] = h(+=D7 [ h(+= DT[] (30)
CS for K — 1 time slots and oudated CSl for one time slot h(+ DT[] h+OT] |
are avaiable at the transmitter. : :
h()T [n] [ bS]

A. Proof of Theorem 4

Th_e proof is shown_ by the_ SITA algorithm. Here, W&yvhere k (1,2...,K} andn € {2,...,K}. As shown
provide the proof by interpreting the proposed STIA intg, (30 the proposed beamforming solution converts curren
an index coding method. channel response at time stotnto the past channel response

1) Phase One (Provide Side-Informationto All Receivers):  at time slot 1. From this beamforming, each user sees the
During phase one, the transmitter serdfd6K — 1) indepen- same interference pattern during the second phase with the
dent messages to all’ users,K — 1 of them are intended received interference pattern at time slot 1. The received
for each user. The main goal of this phase is to provide sidgignal at usei at time slotn is given by
information to all users in the form of superposition of all
transmitted data symbols. The transmitted signal durime ti
slot 1 is given by

K
. vy il = O Y VO pls®),
k=1
x[1] = Zs(k), (28) K
k=1 = L*ER[p] + Z LFD[n],
T i=1,i%k
where s(®) = sgk),sék),...7s(}’§)_l . Thus, the received ) K ()
signal at usefk in time slot 1 is given by = LWY[n]+ Z LY. (31)
i=1,i%k
K
yWA] = bW sW ke {12, K}
k=1 Recall that during the second phase, ireg {2,3,..., K},
K userk sees the same shape of interferep¢e , ., L*-=)[1]
k,k ki K A X ) 1=1itk '
L )[1] + Z L )[1], (29)  which was previously saved side information at time slot 1.
i=1,i%k

3) Decoding (Interference Cancellation): Since each re-
whereL*9[1] = h(™WT[1]s() denotes the linear combinationceiver has seen the same interference signal during both
received at usek corresponding to useis signal. phases, i.e[{ time slots, each user is able to retrieve the de-
sired equations by using interference cancellation teghmi
y using the saved equation at time slot 1, each user subtract
e interference equations received during the seconcephas
or example usek obtains an desired equation fragf) [2]

using side information acquired during the first phase
*)[1] as

2) Phase Two (Minimize the Number of Transmissions):

In this phase, the objective is to minimize the number
transmissions by using the fact that all receivers have-si
information after phase one. Recall that if we use TDM
transmission during the phase two, the required num
of transmissions aré< (K — 1) time slots because a total?
K users want to obtainrk — 1 data streams. By using

side-information obtained in the phase one and current CSI

during the second phase, however, our transmission aigorit . . ok K y
reduces the required number of transmission&as 1 time y PR —y®) = LEP[2+ Z L*9],
slots during the second phase. The key reducing the number i=1,i#k

of transmissions is that the transmitter generates tharman K _
signal during the second phase so that each user sees the same - LR (1] — Z LD (1],
pattern of interference observed at time slot 1. To accashpli i=1,i#k

this, the transmit beamforming for carrying the data syrabol = L& — LR, (32)



By applying this interference cancellation for all observe 4
tions, userk has the followingK’ — 1 equations, i.e., ZF Proposition 1 (Proposed)
y O =y ™) ][ LEPR] - LR 4
y(k) 3] — y(k)[l] - L(KF) [3] — I(k:k) 1] d(O) = 3?\ Proposed region
: = : \\\\ D diy>1) = ﬁ =1.636
y(k) [K] _ y(k) [1] i I (k:F) [K] _ L(k-,k)[l] ZF-M‘é?;\\\ MAT Theorem 1 in [5]
[ hMT 2]V [2] — R [1] N
| ROTBVOR R0 | SN
: ZF-TDMA region ' d(;z—l) -1
[hTIKIVR[K] — h®)[1]
_ Hil;)fs(k)7 (33) O . 1 ;ompletely delayed regim=e
' . Y=U7=1
where £ € {1,2,...,K}. Recall that all beamforming No delay 4 =7

matricesV(*)[n] are independently generated with respec.

()T
©h [n] for n € {2’ ..., K}’ and we assumed tha_t a'"Fi . 3. CsSl feedback delay-DoF gain trade-off for the 4-ukser1 MISO
elements of channel vectors are drawn from a contlnqugadcast channel.

random distribution. From these facts, it is possible tonsho
all elements of the effective channel for userat time

slotn, h(k)T[n]V(k) [n], are statistically independent. Further[2] G. Caire and S. Shamai, “On the Achievable Throughput dfl-

i (k)T (k) (k) ; ; tiantenna Gaussian Broadcast ChannéEEE Trans. Inform. Theory,
sinceh"* [n]V [n](gndh 1] are linear independent for |~ 49, no. 7, pp. 1691-1706, July 2003.

Vn and Vk, rank(Heﬁ) = K — 1 with probability one. [3] N. Jindal, “MIMO Broadcast Channels with Finite-Rate eBpack,”

. . (k) IEEE Trans. Inform. Theory, vol. 52, no. 11, pp. 5045-5060, Nov. 2006.
Therefore, by using a ZF decoder, ugeobtainss'™. As @ [4] T. yoo, N. Jindal and A. Goldsmith, “Multi-Antenna Broaast
result, if the transmitter has one outdated dnd- 1 current Channels with Limited Feedback and User Selectiof2EE Journal

_ _ Sdected Areas in Communications, vol. 25, pp. 1478-1491, Sep. 2007.
Csl for_ the[_{ user(K 1) x 1 MISO broadcast channel, the[5] M. A. Maddah-Ali and D. Tse, “Completely Stale TransraittChannel
transmit delivers< (K — 1) data symbols to all users ovéf State Information is Still Very Useful Submitted to |EEE Trans. Inform.

time slots, which leads to achiev€ — 1 DoF in the system. Theory, [Online]: [arXiv:1010.1499v2.

Using Theorem 4 and the same resource countina ardgl- - Maleki, S. A. Jafar, and S. Shamai, “Retrospectiveelfgrence
9 . . . . 9 . é@ Alignment over Interference Networks,”|EEE Journal of Selected
ment described in Sectidn IV, we establish the following Topics in Sgnal Processing, vol. 6, no. 3, pp.228-240, June 2012.

proposition. [71 A. Ghasemi, A. S. Motahari, and A. K. Khandani, “Intedece
Proposition 1 The optimaIK — 1 of DoF are achieved Alignment for the MIMO Interference Channel with Delayed -Lo
. cal CSIT,” Submitted to |IEEE Trans. Inform. Theory, Feb. 2011.
for the K—user(K — 1) x 1 MISO broadcast channel _|f Csl [Online] arXiv:1102.5673.
feedback delay is less tha% of channel coherence time. [8] S. Yang, M. Kobayashi, D. Gesbert and X. Yi, “On the Degras
For instance ifK = 4, the 3 of optimal DoF gain are Freedom of Time Correlated MISO Broadcast Channel with yla

. . CSIT,” Submitted to |IEEE Trans. Inform. Theory, Mar. 2012. [On-
obtained as long as CSI feedback delay is less #iégh of line]:arxiv.org/abs/1202.1909.

channel coherence time as depicted in Elg. 3. [9] T. Gou and S. Jafar, “Optimal Use of Current and OutdatdwhrG
nel State Information - Degrees of Freedom of the MISO BC with
VI. CONCLUSION Mixed CSIT,” Submitted to |EEE Communications Letters, Mar. 2012.

We proposed a new algorithm that exploits both the curri{ut [Online](arXiv:1203.1301 v1.

10] Y. Birk and T. Kol, “Coding on Demand by an Informed Soerc
and outdated CSI for the MISO broadcast channel under (ISCOD) for Efficient Broadcast of Different Supplementaht® to

a block fading assumption. We showed that the efficient Caching Clients,” IEEE Trans. on Information Theory,vol. 52, no. 6,
exploitation of not only current CSI but also outdated C%ah] pp. 2825-2830, June 2006.
I

. . . Z. Bar-Yossef, Y. Birk, T. S. Jayram, and T. Kol, “Indexoding With
achieves the optlmal DoF gain when the CSI feedback de Y Side Information,” IEEE Trans. on Information Theory,vol. 57, no. 3,

is less than a certain fraction of the channel coherence time pp. 1479-1494, March 2011.

Using our results and leveraging resultslin [5], we propased!?] S: El Rouayheb, A. Sprintson, and C. N. Georghiadesn the Index
: Coding Problem and Its Relation to Network Coding and Mdsgi
CSI feedback delay-DoF gain trade-off for the 3-user MISO g ppitted to IEEE Trans. on Information Theory, 2009.

broadcast channel to provide an insights into the interplgg] H. Maleki, V. R. Cadambe, S. A. Jafar “Index Coding: Amtérference
between CSI feedback delay and system performance from aAlignment Perspective ,” Submitted to IEEE Trans. on Information

. . . Theory, [Online]larXiv:1205.1483v1.
DoF gain perspective. From the derived trade-off result, WE4] N. Lee and R. W. Heath Jr., * Space-Time Interferencaiinent and
verified the intuition that a small CSI feedback delay should Degrees of Freedom for the MIMO Broadcast Channel with Bleio
be negligeable. CSI Feedback,"Submitted to IEEE Trans. Inform. Theory, April 2012.
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