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Abstract—In the setting of the two-user broadcast channel,
where a two-antenna transmitter communicates informationto
two single-antenna receivers, recent work by Maddah-Ali ad
Tse has shown that perfect knowledge of delayed channel seat
information at the transmitter (perfect delayed CSIT) can be
useful, even in the absence of any knowledge of current CSIT.
Similar benefits of perfect delayed CSIT were revealed in reent
work by Kobayashi et al., Yang et al., and Gou and Jafar, which
extended the above to the case of perfect delayed CSIT and
imperfect current CSIT.

The work here considers the general problem of communicat-
ing, over the aforementioned broadcast channel, with impdect
delayed and imperfect current CSIT, and reveals that even
substantially degraded and imperfect delayed-CSIT is in fat
sufficient to achieve the aforementioned gains previouslyssoci-
ated to perfect delayed CSIT. The work proposes novel multi-
phase broadcasting schemes that properly utilize knowledy of
imperfect delayed and imperfect current CSIT, to match in
many cases the optimal degrees-of-freedom (DoF) region aeked
with perfect delayed CSIT. In addition to the theoretical limits
and explicitly constructed precoders, the work applies towrds
gaining practical insight as to when it is worth improving CSIT
quality.

I. INTRODUCTION

In many multiuser wireless communications scenarios, hav- . . ’
y was recently presented in [1] by Maddah-Ali and Tse, which

ing sufficient CSIT is a crucial ingredient that facilitate
improved performance. While being useful, perfect CSIT
also hard and time-consuming to obtain, hence the need

communication schemes that can utilize imperfect and (éella)fl
CSIT knowledge ( [1]-[6]). In this context of multiuser com?

munications, we here consider the broadcast channel (B@),
specifically focus on the two-user multiple-input singletmut

(MISO) BC, where a two-antenna transmitter communicat%%

information to two single-antenna receivers. In this segfti
the channel model takes the form

(1a)
(1b)

= i+
o = gl + 50,

where for any time instanage vectorsh;, g; € C2*! represent

the transmitter-to-user 1 and transmitter-to-user 2 caBnn
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respectively, Wherezt(l),zt@) represent unit power AWGN

noise at the two receivers, whetg is the input signal with
power constrainit ||:ct||2 < P, and where in this cas&?
also takes the role of the signal-to-noise ratio (SNR).

With CSIT often being imperfect and delayed, we here ex-
plore the effects of thquality of current CSlITcorresponding
to how well the transmitter knows,, g, at timet, as well as
the effects of thequality of delayed CSlTcorresponding to
how well the transmitter knows the sarhg, g;, at timet + 7
for some positiver. Naturally, reduced CSIT quality relates
to limitations in the capacity and reliability of the feedka
channel. The distinction between the quality of current and
delayed CSIT, is meant to reflect the increased challenge of
quickly attaining high quality CSIT.

A. Related work

Corresponding to CSIT quality, it is well known that in the
two-user BC setting of interest, the presence of perfecfTCSI
allows for the optimall degree-of-freedom (DoF) per user,
whereas the complete absence of CSIT causes a substantial
degradation to just /2 DoF per useék.

An interesting scheme utilizing partial CSIT knowledge,

ghowed that delayed CSIT knowledge can still be useful in
roving the DoF region of the broadcast channel. In the

ove described two-user MISO BC setting, and under the
ssumption that at timg the transmitter perfectly knows the
elayed channel stateh,(g) up to timet — 1 (perfect delayed,
no current CSIT), the work in [1] showed that each user can
hieve2 /3 DoF, providing a clear improvement over the case
no CSIT. This result was later generalized in [8]-[12] afhi
considered the natural extension where, in addition toggérf
delayed CSIT, the transmitter also had partial knowledge of
current CSIT.

B. Notation and conventions

Throughout this paperie)”, (e)", respectively denote the
transpose and conjugate transpose of a matrix, whise||
denotes the Euclidean norm, and denotes the magnitude of
a scalaro(e) comes from the standard Landau notation, where
f(z) = o(g(x)) implieslim,_,~ f(z)/g(xz) = 0. We also use

lWe remind the reader that for an achievable rate %ﬂﬁ,Rz), the
corresponding DoF paifd1, d2) is given byd; = limp_, ﬁ, i=1,2.
The corresponding DoF region is then the set of all achiev@l@F pairs.



= to denoteexponential equalityi.e., we write f(P) = P58

to denote lim M
P—oo 10

Finally adheringgfo the convention followed in [1], [8], L1
we consider a unit coherence perpds well as perfect and
global knowledge of channel state information at the resrsiv
(perfect global CSIR, [1], [8], [10], [11]) where the recerg
know all channel states and all estimates.

= B. Logarithms are of basg.

C. Structure of paper

No CSIT

e Delayed CSIT [MAT]

dz Special Case of Mived CSIT [Maleki, et al.f
(User 1 @ =], User2 & =0)

Symmetric Mixed CSIT [Yang, et al.f
[Gou and Jafur] (et a=03)

o General Mixed CSIT [Chen and Elia]
(set User 1 a0 =06, User2 a=1(.5)

(0.5, 1)

(0.83, 0.83)

After recalling the quantification of CSIT quality, Sectiin  2/3 |-
bounds the DoF region of the described two-user MISO brogg 5
cast channel for the general case of having imperfect ctrre
and imperfect delayed CSIT of different quality. In manyass
these bounds are identified to be tight, and to in fact mat
the optimal performance associated to perfect delayed .CS
Section Il presents the novel multi-phase precoding sdsenr
that apply for different cases of CSIT quality. The perfonoa
of these schemes is derived in the same section, with somerigf 1.  DoF regions: Imperfect current CSIT € o < 1), and perfect
the proof details placed in the Appendix. delayed CSIT§ = 1).

0 0.5 2/3 1

Il. MISO BC WITH IMPERFECT DELAYED CSIT AND corresponds the case of perfect delayed CSIT, and wherd

IMPERFECT CURRENTCSIT corresponds to the case of perfect CSIT.
A. Quantification of CSIT quality Fig. 1 recalls different DoF regions corresponding to im-

In terms of current CSIT, we consider the case where at tirgérfect current CSIT)(< a < 1), but perfect delayed CSIT
t, the transmitter has estimatks, g, of h, andg, respectively, (3 =1) ([8], [10]-[12]).
with estimation errors
b h—h B. DoF region of the MISO BC with imperfect delayed and
LT imperfect current CSIT

We proceed with the main result, the proof of which,
1 = together with the description of the associated precoding
§E (HhtH ) schemes, will be given in Section Il

for some non-negative parametar describing the quality Theorem 1:For the two-user MISO BC with imperfect
of the estimates. In this setting, an increasingmplies an delayed CSIT, imperfect current CSID < a < g < 1),
improved CSIT quality, withy = 0 implying very little current and for 3” £ min{, 12}, the DoF region

CSIT knowledge, and witlx = oo implying perfect CSIT.

In terms of delayed CSIT for channdis, g, that appear at
time t, we consider the case where, beginning at time1,
the transmitter has delayed estimahgsg; of h., g;, and does
so with estimation errors

ht :ht_hta

gt =gt — Gi 2

having i.i.d. Gaussian entries with power

1 ~ —
SE (3] = P,

di <1, dr <1
(148" —2a)di + (1 -8 )da < (14 8")(1 - )
1-8)d+ 1+ —20)d2 < (1+8")(1—a)

is achievable and takes the form of a polygon with corner

®) points

gt =gt — g

having i.i.d. Gaussian entries with power 1+8" 1+8
{(0,0),(0,1),((1,1),( 2 ? 2 ),(1,0{),(1,0)}

E (Il

2 ' Furthermore whers > 422, the region is optimal and it is
for some non-negative parameterdescribing the quality of described by
the estimates.

Remark 2.1:We here note that without loss of generality,

we can restrict our attention to the range< o, < 1 (cf.
[13]), as well as to the case whate< [ since havingy >
would be equivalent to having = 5 simply because current
CSIT estimates can be recalled at a later time. As a result,
will henceforth consider that < o < 8 < 1, whereg =1

1 . _
§]E(||9t||2) =pP7,
di <1, dy<1

2dy +dy <24«
di +2dy <24«

GRyresponding to the polygon

0,00, 0,1), (.1, (52, 229, (1,0), (1,0))

matching the optimal DoF region previously associated to
1.

2Simple interleaving arguments can show that, in the absefcgelay
constraints, the association of current CSIT with a singleecence period,
introduces no loss of generality.
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H21i3 a0

A=028 a=0 . . L " .

g=0,2 a=0 utilizing different combinations of superposition codjrsyc-

! I d cessive cancelation, power allocation, and phase dugtion
I As stated, without loss of generality, we assume that
0 0.5 23 1

0 < a < B < 1. The scheme description is done for
Fig. 2. DoF regions with imperfect current CSIT and impetfdelayed 0 <a<f<1,and for rationak, 5. The_ cases wherg = 1’_
CSIT. Recallg’ = min{3, 1 andg” = min{B, LiZay 8 = «a, a =0, or wherea, 8 are not rational, can be readily
handled with minor modifications. We first proceed to describ
the basic notation and conventions used in our schemes. This

The above reveals that, whether with imperfect or no currepeliminary description allows for brevity in the subsegte
CSIT, imperfect delayed CSIT can in some cases match #escription of the details of the schemes.
optimal performance associated to perfect delayed CSI& Th The schemes are designed wishphases § varies from
following corollaries provide further insight, and makeethscheme to scheme), where thth phase { = 1,2,---,5)

connection to previous work. The corollaries apply to theea consists ofl; channel uses. At this point, and to more clearly
setting as the theorem. reflect the division of time into phases, we will switch to a

Corollary 1: In terms of DoF, havings > 1+32a is equiv- double time index where, for example, the vectérs; and

alent to having perfect delayed CSIT. Specifically the ops,: Will now denote the channel vectors, during timestot
timal region {(0,0), (0,1), (a, 1), (352, 2£%),(1,a),(1,0)} of phases. Similarly, in terms of current CSIT (cf. )

3

from [10], [11] corresponding to3 = 1, can in fact andg, will respectively denote the transmitter’s estimates of
be achieved for anyﬁ’ > 20 and the optimal region channels, andg. ., andh,, = hy—ha, Got = Go.t—Gst
{(0,0),(0,1), (3, £),(1,0)} from [1] corresponding tg3 =  will denote the corresponding estimation errors. We retbalf
1,a =0, canin fact be achieved whenever> 1/3. the estimate&, ; andg,; become known to the transmitter at
Building on the above, we also have the following. timet, i.e., they become known instantly. In terms of delayed

Corollary 2: Whenever the desired DoF pair lies within théSIT (¢f. (3)). hs.» andg,. will be the estimates ok, and -
pentagon{ (0, 0), (0, 1), (a, 1), (1, a), (1,0)}, there is no need Js.t: where these estimates become known to the transmitter
for any delayed CSIT, and = 0 suffices. with unit delay (at timet + 1), and are stored and recalled

. . thereafter. Flnallyh +=hst — hst, st = gst — gs,¢ Will
Thisis the case for example, for the optindgl= 1,d> = o, gnote the estimation errors corresponding to delayed .CSIT
which can be achieved with imperfect current and no delaye

CSIT. Consequently whenever the desired DoF pair lies withi Furthermorea,,, and a « Will denote the independent
1420 information symbols that are precoded and sent during phase
the aforementioned pentagon, or whenegep ===, then

there is no need for improving the quality of delayed CSI?meSIOtt and which are meant for user 1, while symbials

Otherwise, the DoF penalty due to a redugedan be at most andbS , are meant for user 2. In additioa, ; will denote the
2+a 1+B” B 1+2a 192038 ymich b " common information symbol generally meant for both users.
- = » which is no bigger thar= The transmitted vector at timesloof phases will, in most

F|g 2 deplcts d|fferent DoF regions spanning the gener@.‘glses take the form
setting of imperfect delayed and imperfect current CSIT.

’ ’ ’ ’
Tst = Wst Csit +us,t As. t +u57t as_’t +vs,t bs,t +’U57t bs to
~—

IIl. M ULTI-PHASE PRECODING SCHEMES FOR THE q ( ~

p pi pla" p" P
TWO-USERMISO BC WITH IMPERFECT DELAYED AND ° (4)
IMPERFECT CURRENTCSIT where Vectorsw, s, us ¢, u, ,, vs,v,, are the unit-norm

We proceed to describe the two precoding schemes tha&amformers forcsyt,asyt,a;_’t,bsyt,b;yt respectively. In our
achieve the corresponding corner DoF points, by propedghemes, vectors, ; andv, ;. will be chosen to be orthogonal



to g, and hy, respectively, withw,,, u,, v,, chosen and wheret = 2= ¢ — 20-%) The progression can be
pseudo- randomly (and assumed to be known by all nodesade to consist ofglntegers smoeﬁ, and by extension, &,
Corresponding to the transmitted vector in (4), and as notatk rational numbers. For this schenSeis asked to be large.
under each summand, the average power that is assigned tb) Phase 1:During phase 171; channel uses), the trans-
each symbol, throughout a specific phase, will be denotedragter sends

follows: o roy
(c) & (a) & (a') & / T1t = WiC1e + Urea1e + Uy, + 'Ul,tbl,t + ,Ulytblyt’
PS = E|Cs,t|2, Ps = E|as,t|27 PS = IE|a’s,if|2 (9)
b) b') ¢ .
P 2R, 2, P 2ED, 2. with power and rate set as

Furthermore, regarding the amount of information, per time pl = p p@ = p®) = pp pla) = pl) = pp-a
slot, carried by each of the above symbols, we will U8 to ! ’ Yo ] " )
mean that, during phase each symboh, ;, t =1,--- ,T,, "1~ 17 B, mi=r’=8m=n'=F-a

e () : o . (10)
cE’;\rr)|es(Z)S (IZ?;g P(j)— o(log P) bits, and similarly we will use 114 received signals take the form
s s T to describe the prelog factor of the number Coy
of bits in gy, bs_,t, b, ., cs,¢ T€Spectively, again for phase  Yi; = hi ywi ic1e +hiuyan s+ hy tul tal +
In addition, we will use 4 e Pha
glt) = hT (Vs ths t + v;,tb;,t)v Lglz
2 ! ’ ~ ! ’ .. ! ’

Lg t) =g (Uspasy +uga,,), t=1,-- T, (5) +hi 4 (v1,eb1s + vy 40y ) +hy (V1601 + U1,tb1,t)+z§,lt) )
to denote the new interference experienced by user 1 and pi-a PO PO
user 2 respectively, during timesloof phases, and we will (11)
use 3 o 3J§2t) = QI,twl,tcl,t"'QI,tvl,tbl,t+QI,tvl,tb1,t

Zglt) = ; (vS tbS ¢+ Vs, tbs t) P pPB pB—«
«(2) & 7 _ e
Igi —gst(ustast—i—ustast) t=1,---,Ts, (6) it
to denote transmitter’s (delayed) estimates(&f, gt) at time +91 (w1101 t+u1 tal )11 ¢ (u1a1, t+u1 tal O+ z; )
t + 1. To clarify, we mean that the transmitter creates, at P o o
time ¢ + 1, the estimates'”, i} of the actual interference (12)
@ o
Ls,i>Ls,c €Xperienced during time, ¢, by using the delayed \here under each term we noted the order of the summand’s
For {i St), glt) 2, being the accumulated delayed estimates 1) NP
of all the interference terms during phase we will let El;[° E|h1,tvl ib1t|* + B[R] 01 1by 4|
2) (4T -
{ng, gt}t . be the quantized geIQa)yeg estimates which are =E|(h], h{ Dvrby +]E|h1 t’U1 tbl JP=PPe,
obtained by properly quantizin LS / Vst t “, at a quan- (2 for
’ ’ =E u E u =P
tization rate that W|I(I1)be described later on. Based on the 1. (=BG =T wrcan I g 00 (13)
T,

information in {Lst, Ig.f}i=1, NewW symbols{c,y1, et are
then created, where these new symbols are created to evéd
(2) (1)

share the 2t)otazl;m‘ormauon i St}t , (i.e., the informa- |L m_ L1 | —E[hT,(v1 b1, + ) b))[P= P,

tion in {L o t}t 1 is evenly split among the elements in (2)  (2))2 - AN
B — =E =pP°. (14
{cer1.4}125"), and where these new common symbols will be 1t PP =BT (e + g g )| (14)
sequentially transmitted durlng the next hase. Fig. 4 provides a graphical illustration of the received pow
Finally the received S|gnalgs and 4% at the first and levels at user 1 and user 2 during phase 1 of sch¥me
second user during phasetake the form At this point, based on the received signals in (11),(12),
each user decodes ; by treating the other signals as noise.
The details regarding the achievability df) =1-—p can be
yft) =gi4Tst+ zg?t), t=1,---,Ts. (7) found in the Appendix. After decoding; ;, user 1 removes

1 .
hi twl tclt from y%t, while user 2 removegy] ;w1 ic1

from y . Then, at the end of the first phase, the transmitter
1+8” O<a<pB<1) uses |ts partial knowledge of delayed CSIT to reconstruct
2 I {5 t), Vglt)} (cf.(6)), and to quantize each term as

yglt) = h;,th,t + Zg,lt)a

We now proceed with the details of the first scheme.

A. ScheméX; achievingCy =

For this scheme, the phase durati@hsTs, - - - , Ts are cho-
sen to be integers generated to form a geometnc progressioff?) = ;(2) — i) i) =) — &Y t=1,2,--- 1,
where b (15)

— _ s—1
To=Tix{ =T, Vs €{2,3,---, 5 -1}, where 7}’ () ng are the quantized delayed estimates of the

_ — T eS-2 ,
Ts =Ts1C =T18"77C, (8) interference terms, and whet t), Zglg are the corresponding



form

hw,c (1) =(1)
Wi T .
[ysl,t - hs—17tw51,tcsl,t_bslyt‘|

=(2
h;tul,:al,r o ngl,t

o
by a;,

#Y,,
o | ae)

_Lsfl,

It
: T
P B NO) o hsfl.,t ’ asfl_,t
P e e & - =T [usfl.,t us—l,t] ’ +
p p 9s—1.t Qg1+t

where zglju is the equivalent noise that will be seen to be
am.c, properly bounded. As will be argued further in the Appendix,
tr)e above MIMO channel allows for decoding @f_; ; and
T v As—1,¢
P ; e PucPus L o Similar actions are performed by user 2 which uses knowl-
r phe pra 47 =t edge offil_)u andyf_)l,t —g;tws,tcs,t—ff_)l,t to decode both
P bs—1,¢ andb,_, , (see the Appendix for more details on the
achievability of the mentioned rates).
Fig. 4. Received power levels at user 1 (upper) and user Z2¢jowhase 1 As before, after the end of phase the transmitter uses
of schemel;. its imperfect knowledge of delayed CSIT to reconstruct
(%), i")}% |, and quantize each term &),7") with the
o ) same rate as in phase B «) log P+ o(log P) bits for each
quantization errors. Noting that7{?) |2 = Pﬂ_.a’ I.EVSEF = @ and(8 - a)log P 4(— o(log P) bits f(gr eachi'')). Finally
PB__Q (cf. (17?2))’(14))1 we choose a quantization rate thahe accumulated, (3 — ) log P+ o(log P) bits representing
assigns eachi;; a total of (3 — a)log P + o(log P) bits, 4| the quantized value§”) "1 T= | are distributed evenly
and eachiﬁ) a total of (8 — a)log P + o(log P) bits, thus gcross the se{csﬂ,t}tT;?’, the elements of which will be
allowing for E|7{)|> = E[i{!)[> = 1 (see for example [14]). sequentially transmitted in the next phase (phasel).
At this point, the2T (3—a) log P+o(log P) bits representing ~ 3) PhaseS: During the last phaseTl = TS_12(f:a°‘>
(i), &'y, are distributed evenly across the get,}72, channel uses), the transmitter sends
of newly constructed symbols which will be sequentially
transmitted during the next (second) phase. This trangmniss Ts,t = Ws,tCs,¢ + Ws,1as,t + Vs,ebs s (17)
of {c2:}72, in the next phase, will help each of the USergith power and rates set as
cancel the dominant part of the interference from the other

-
gIJ v/,/ bl,r

user, and it will also serve as an extra observation (which Péc) =P, r(sc) =l-a
will in turn enable the creation of a corresponding MIMO P = pa g (18)
channel - see (16) later on) that allows for decoding of all pO = pa 0 _

S 9 S 9

private information of that same user.

. _ 2(8—a)  resulting in received signals of the form
2) Phases, 2 <s< S — 1: Phases (TS = Ts—lﬁ, ) g g ° 1
channel uses) is similar to phase 1, with the transmit Slgna&/é7i:hg,tw5,tcs,t+hg7tuS,taS,t+hg7tvs,tb5,t+Zg7) (19)

taking the same form as in phase 1 (cf. (4),(9)), and so do i

the rates and powers of the symbols (cf. (10)), as well as the P pe pe PO

received signalg'’), 4y (t = 1,--- ,T,) (cf. (11),(12)). Y=g ws s+ G5 s as,+g5 vs.bs + 25, (20)
At the receivers (see (11),(12), corresponding now to phase 3 Do Pa \PO/

s), each user decodes; by treating the other signal(sl)as nois%: 1 T)

After decodingc; ¢, user 1 removehQ;,th7tcs,t fromy,;.and = As pefore, both receivers decodg; by treating all other

user 2 removeg; ,wsCs,¢ from ygt) signals as noise. Consequently user 1 remdvgsws ;cs,:

At this point, e_ach user goes bac:lﬁ. one phase _and fSm y(slz and decodess ;, and user 2 removagl ,ws..cs.q
constructs, using its knowledge ¢t .};*,, the quantized (2) . ’
O from Ys i and decodess,. Finally each user goes back

delayed estimatesfg)1 t,fgljl_t, ;=1 of all the interference _ Ts
accumulated during the previous phase- 1 (cf.(6),(15)). OP(% pha}(sl? a”g’ usmg.kno.wledge Bls.e i1, recons.tructs
[ L S', which in turn allows for decoding of

User 1 then subtractéil_)ljt from yil_u to remove, up to {LS—Lt’LS—l,,t t=1 )
bounded noise, the interference correspondingtq ,. The “5-1¢ andags_, , atuser 1, and dis_, andbg_, , at user 2,

imatd 2 all as described in the previous phases (see Appendix V for
same user also employs the estlmai_u of i1 a8 more detalils).

an extra observation which, together with the observat|on-|-ab|e | summarizes the parameters of scheéfae In the

(1) =(1) i . LT .
Y16 — h;fl,t“/’s—lics—l,t.__ Ls—1, allow for Qecodmg of table, the use of symbal is meant to indicate precoding that
botha,_,, anda,_, ,. Specifically user 1, using its knowledggs orthogonal to the current channel estimate (else theopierc
of Zﬁ)l_’t,andyglf)l_’t—h;,17tws,1,tcs,17t—ﬁ5917t, is presented, is generated pseudo-randomly). The last row indicates the

at this instance, with @ x 2 equivalent MIMO channel of the prelog factor of the quantization rate.



TABLE |

SUMMARY OF SCHEME X . which, for asymptotically highS, gives
Phase 1 Phs (2<s<5—1) | PhaseS d; :d2:25_a+w

Duration Ty Ty 651 T1€5-2¢C ¢— T

() B E o 2(1-3

— 36+ 2« 24+«

r(a’) B—a B —« - =20—a+ ( f ): 3 (24)

() ] B « .

7)) B—a 8-« _ We can now conclude ,'ghat scherfg achieves the stated

r© 1-8 1-5 -« DoF pairC; = (22—, 12,

P ((a),)L 1; f 1;’ f Lt Remark 3.1:The observant reader may have noticed that
P(; L L - the combination of superposition coding, successive cance
I;(a# P};a PI;Q r lation and power allocation, was calibrated so that, at any
20 B f2 > fixed receiver, the interfering symbols are received at an
Quant. | 26 —a) 203 — a) 0 equal and bounded power which changes with the quality of

current CSIT, and where this interference power is regdlate

so that, on the one hand, it is sufficiently large to be used
i as an extra observation by the other user, while on the other

a) DoF calculation for schem&,: We proceed to add Up panq this interference power remains sufficiently smallrsa t

the total amount of information transmitted during thisestie. o interference can be reconstructed sufficiently welhgisi
In accordance to the declared pre-log factoi§oynded quantization rate and imperfect delayed CSIT. This
rga),rg" ),rgb),rgb ), given the phase durations (see Table ljeconstructed interference is communicated during the nex
and after splitting the common informatid; ;}/*, evenly phase, at the expense of having to reduce the amount of

between the two users, we have the two DoF values given fgw information sent during this next phase. The relatigmsh
1-8 S-1 between the amount of interference and new information, is

Tl(T + 25 — Oé) + Zi—Z TZ(25 — Oé) + Tsa

dy = dy = = combinatorially optimized by the choice of the phase dorsti
Zle T; that follow a geometric progression governed by the valdes o
T + 2s(a - ) o ands.
=20 —a+ 3
Zi:l T;

B. Schemé(, achieving(«, 1) and (1, «): (any «,
18 S eS-2(a - ) 2 achieving(a, 1) and (1,a): (any a. )

=20 —-a+ =5 T (22) The current scheme applies to the general case ofvafiye
Th(3iso §) + ThE> 3¢ [0,1]. This is a simpler scheme and it consists of a single
Considering the case < 3 < 1+32a (0 < £ <1, see (8)), we chagnel use (S = 1,7, = 1) during which the transmitter
sends

see that
xr = wc+ ua + vb,

8 426572 (a - B)
1—¢5-1 +£5-2¢

di =dy =28 —-a+ wherew is orthogonal to the current CSIT estimajewhere

1-¢ v is orthogonal toh, and where the power and rate are set as
1— —
:2ﬁ—a+_2,8+265 2<(O‘_ﬂ) P(C)iP7 T(C):l—a
e €920 - i) P@ =po, @) =g (25)

PO = P, r® = «,

resulting in received signals of the form

which, for asymptotically hight, gives that

g (1-8)1-9 )
dl —d2—2ﬁ_04+ 2 y(l) :hT:v—i—z(l):hT'wc—i—hTua—i—hT'vb—i—z(l),
—— M
_25_a+1—35+204_1+ﬁ (22) P P Po Po
2 2 vy =g'@+ 2 = gwe+ gTua+ gvb+ 2@ .
Similarly for the case wherg = 1122 (¢ = 1), we have that P PO pe PO

R (o= B) After_ transmissio_n, both receivers decadby treating the

2 other signals as noise, and then proceed to renkdvec and
S—=1+4¢ g wc, respectively, from their received signals, to get

which, for asymptotically hight, gives that

dy =dy =28 —a+

y W =y — hwe = hTua + h'vb+ 2 = hTua + 2V
2+« (27)

di=dy =20 —a = T (23) v @ = @ _ gTwe = gTub+ §Tua + 22 = gTob+ 2@,

Furthermore wherp > 1422 (¢ > 1), we get that The fact thaff| h"vb|? = E|g ua|? = PP, allows for decoding
B of a and b. Finally, the DoF point(d; = «, ds = 1) can
S 4265720 - B)

1-¢5-1 + 55_2< 3We will henceforth maintain the same notation as beforefdnaimplicity
1-¢ we will remove the phase and time index.

d1:d2:2[3—o¢—|—




be achieved by associatingto information intended entirely ¢t = 1,--- , T, Wherezglt) = h; (v, tbs ¢+ vs tbs )+ z(l)

for the second user, while the DoF poifit; = 1, d> = 1) we note thatR| Al , (vs ibes + v, tbst)| - po (see
e B iopie” (0)(49). The ac ht th rte assoitedo.
(@) ({) © ) iy . matches the quantization rate f(@ St, St}t 1, allows for
a) % rl¢) follow closely the exposition of the details of the léa 1)
previous scheme, as these details are shown in the Appen@iPounded variance of the equivalent o€ and i, ;,
and in turn aIIows for decodlng ofas,, st}t , at a rate
corresponding t@s =4 andr(“ = [ —«. Similarly user 2
is presented witl; linearly independeritx2 MIMO channels

IV. CONCLUSIONS

This work provided analysis and novel communication

schemes for the setting of the two-user MISO BC w

imperfect delayed and imperfect current CSIT. The result
reveal that imperfect delayed CSIT can be as useful as perf
delayed CSIT, as well as provide insight on when it is worth
improving CSIT quality. The challenge remains to design _

novel communication schemes that achieve these limits witpy)
reduced complexity. A further challenge is to extend these !
schemes to the setting of many users, where the corresrg)mﬂrz
overhead of communicating information across the differeaf {b;.+, st}t ; at rates Correspondmg taS

rgb)zﬁ—a.

nodes (cf., [7]) introduces additional challenges.

V. APPENDIX- DETAILS OF ACHIEVABILITY PROOF
We will here focus on achievability details for scheiXe.

The clarifications of the details carry over easily to theeoth removegg ,ws tcs,: from ys

scheme.

=(1 Y 1
L 2 _[h;t} e v, ]{bg,t] Ny
e y( ) gs AW, (Coy— Lgt) g;t it Ust bs,t 2;2

user 1 can removézgtws tcSt from y&t,

f the form
ith

1,---,Ts, where z(z) = gi,(usas; + u;yta;_’t) +
+ ft), and WhereIE|gSt(uS 1y + u,ay )2 = PO,
= PO, E[i}2 = PO, thus aIIowmg for decoding

= f$ and

Regarding achievability forr(“) « and rg’) = «

(see (17),(18),(19),(20)), we note that, after decoding,

() and user 2 can

t=1,---,Ts). Consequently

during this phase, user 1 Sefs Ilnearly independent SISO

Regardlngrsc) (1 <s<85—1, see (10)), we recall that channels of the form

durrng phases, both users decode; ; (from yglt),ygt),t =

,Ts - see (11),(12) ) by treating all other S|gnals as noisé#s.t —

Consequently we note that
(a0 ho) =1(casiy 7 o) = (1= B) logP+o(logP),

for large P, to get

1
(c) —
s logP
Similarly for phaseS (see (17)-(20)), we note that

min{l(cs,t; yglt)a hs,t)a I(Cs,t; yg?t)vgs,t)} =1-p.

I(estiys hhs) =(cs. Y5 -gs.) =(1—a) logP+o(logP)
to get

c 1 :
TFS’ ) = @ mlH{I(CS_’t; yé{Z, hS.,t)a

I(Cs,t;ygzags,t)}zl—a-

Regardmg ach|evab|I|ty forl® = B, rs @) = =f—aq, r =
8 andrs =
we note that during phase both users can decodg., and
as a result user 1 can remowgtwstcst from yglt, and
user 2 can removeg ,wscs; from ys (t =1,---,Ty).

Furthermore after phase-1, each user can use |ts knowIedge[?]
of {csy1, t}t °*+' to reconstruct the quantized delayed estimates
1 of all the interference accumulated durrng[g]

@, 2

s,t» st7

phases As a result, corresponding to phase user 1 is
presented witlT linearly independerit x 2 equivalent MIMO
channels of the form

yglt) h;,tws,tcs,t Z(t) gt [u . }asf,t + 582
VI W U S Gy

(t =1,
«. A similar argument gives achievability fm(sb) =a. O

a(l<s<S-—1,see (9),(10),(11),(12)),

[20]

~(1) a (1)

1
ys— (€0)

T T T
hswsicsi=hgusasi+hg,vsibsi+zg;

, T's) which can be readily shown to suppoéi‘) =
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