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Abstract—We consider the temporally-correlated Multiple-
Input Multiple-Output (MIMO) broadcast channels (BC) and
interference channels (IC) where the transmitter(s) has/have
(i) delayed channel state information (CSI) obtained from a
latency-prone feedback channel as well as (ii) imperfect current
CSIT, obtained, e.g., from prediction on the basis of these
past channel samples based on the temporal correlation. The
degrees of freedom (DoF) regions for the two-user broadcast and
interference MIMO networks with general antenna configuration
under such conditions are fully characterized, as a function of
the prediction quality indicator. Specifically, a simple unified
framework is proposed, allowing to attain optimal DoF region for
the general antenna configurations and current CSIT qualities.
Such a framework builds upon block-Markov encoding with
interference quantization, optimally combining the use of both
outdated and instantaneous CSIT. A striking feature of our work
is that, by varying the power allocation, every point in the DoF
region can be achieved with one single scheme. As a result, instead
of checking the achievability of every corner point of the outer
bound region, as typically done in the literature, we propose a
new systematic way to prove the achievability.

Index Terms—MIMO, Broadcast Channels, Interference Chan-
nels, Degrees of Freedom, Delayed CSIT

I. INTRODUCTION

While the capacity region of the Multiple-Input Multiple-
Output (MIMO) broadcast channel (BC) was established in [1],
the characterization of the capacity of Gaussian interference
channel (IC) has been a long-standing open problem, even
for the two-user single-antenna case. Recent progress sheds
light on this problem from various perspectives, among which
the authors in [2] characterized the degrees of freedom (DoF)
region, specializing to the large signal-to-noise-ratio (SNR)
regime, for the two-user MIMO IC. The number of DoF
represents the slope with which the rate increases with the
logarithm of SNR. Note that when taking additional system
limitations into account such as imperfect hardware, finite
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modulation levels, and cost of channel training in a time-
varying environment, the sum rate inevitably saturates in the
very large SNR limit [3]. However, the DoF can be shown to be
meaningful within a reasonable interval of practical SNRs for
properly designed systems. Furthermore, it provides us with
a first-order approximation from which novel transmission
schemes and insights emerge. In most works, the DoF analysis
for multiuser channels involves the full knowledge of channel
state information (CSI) at both the transmitter and receiver
sides. In practice, however, the acquisition of perfect CSI at
the transmitters is difficult, if not impossible, especially for fast
fading channels. The CSIT obtained via feedback suffers from
delays, which renders the available CSIT feedback possibly
fully obsolete (i.e., uncorrelated with the current true channel)
under the fast fading channel and, seemingly non-exploitable
in view of designing the spatial precoding.

Recently, this common accepted viewpoint in such scenario
(referred to as “delayed CSIT”) was challenged by an interest-
ing information theoretic work [4], in which a novel scheme
(termed here as “MAT alignment”) was proposed for the MISO
BC to demonstrate that even the completely outdated channel
feedback is still useful. The precoders are designed achieving
strictly better DoF than what is obtained without any CSIT. The
essential ingredient for the proposed scheme in [4] lies in the
use of a multi-slot protocol initiating with the transmission of
unprecoded information symbols to the user terminals, followed
by the analog forwarding of the interferences created in the
previous time slots. Most recently, generalizations under the
similar principle to the MIMO BC [5], MIMO IC [6] settings,
the MIMO BC with secrecy constraints [7], among others, were
also addressed, where the DoF regions are fully characterized
with arbitrary antenna configurations, again establishing DoF
strictly beyond the ones obtained without CSIT [8]-[10] but
below the ones with perfect CSIT [1], [2]. Note that other
recent interesting lines of work combining instantaneous and
delayed forms of feedback were reported in [11], [12].

Albeit inspiring and fascinating from a conceptual point of
view, these works made an assumption that the channel is in-
dependent and identically distributed (i.i.d.) across time, where
the delayed CSIT bears no correlation with the current channel
realization. Hence, these results pessimistically consider that
no estimate for the current channel realization is producible to
the transmitter. Owing to the finite Doppler spread behavior
of fading channels, it is however the case in many real life
situations that the past channel realizations can provide some



information about the current one. Therefore a scenario where
the transmitter is endowed with delayed CSI in addition to some
(albeit imperfect) estimate of the current channel is of practical
relevance. Together with the delayed CSIT, the benefit of such
imperfect current CSIT was first exploited in [13] for the
MISO BC whereby a novel transmission scheme was proposed
which improves over pure MAT alignment in constructing
precoders based on delayed and current CSIT estimate. The
full characterization of the optimal DoF for this hybrid CSIT

was later reported in [14], [15] for MISO BC under this setting.

The key idea behind the schemes (termed hereafter as “a-MAT
alignment”) in [13]-[15] lies in the modification of the MAT
alignment such that i) the initial time slot involves transmission
of precoded symbols, which enables to reduce the power of
mutual interferences and efficiently compress them; ii) the
subsequent slots perform a digital transmission of quantized
residual interferences together with new private symbols. Most
recently, this philosophy was extended to the MIMO networks
(BC/IC) but only with symmetric antenna configurations [16],
as well as the K-user MISO case [17]. The generalization
to the MISO BC with different qualities of imperfect current
CSIT was also studied in [18]. Remarkably, the authors of [18]
showed that, in order to balance the asymmetry of the CSIT
quality, an infinite number of time slots are required. As
such, they extended the number of phases of the a-MAT
alignment [14] to infinity and varied the length of each phase.

Unfortunately, extending the previous results to the MIMO
case with arbitrary antenna configurations is not a trivial step,
even with the symmetric current CSIT quality assumption. The
main challenges are two-fold: (a) the extra spatial dimension at
the receiver side introduces a non-trivial tradeoff between the
useful signal and the mutual interference, and (b) the asymmetry
of receive antenna configurations results in the discrepancy of
common-message-decoding capability at different receivers. In
particular, the total number of streams that can be delivered as
common messages to both receivers is inevitably limited by
the weaker one (i.e., with fewer antennas). Such a constraint
prevents the system from achieving the optimal DoF of the
symmetric case by simply extending the previous schemes
developed in [16].

To counter these new challenges posed by the asymmetry of
antenna configurations, we develop a new strategy that balances
the discrepancy of common-message-decoding capability at
two receivers. This allows us to fully characterize the DoF
region of both MIMO BC and MIMO IC, achieved by a unified
and simple scheme built upon block-Markov encoding. This
encoding concept was first introduced in [19] for relay channels
and then became a standard tool for communication problems
involving interaction between nodes, such as feedback (e.g.,
[20], [21]) or user cooperation (e.g., [22]). It turns out that our
problem with both delayed and instantaneous CSIT, closely
related to [20], can also be solved with this scheme. As it will
become clear later, in each block, the transmitter superimposes
the common information about the interferences created in the
past block (due to the imperfect instantaneous CSIT) on the new
private information (thus creating new interferences). At the
receiver side, backward decoding is employed, i.e., the decoding
of each block relies on the common side information from the

decoding of future blocks. Due to the repetitive nature in each
block, the proposed scheme can be uniquely characterized with
the parameters such as the power allocation and rate splitting
of the superposition. Surprisingly enough, our block-Markov
scheme can also include the asymmetry of current CSIT with a
simple parameter change, and thus somehow balance the global
asymmetry, i.e., antenna asymmetry and CSIT asymmetry, in
the system.

Overall, our results allow to bridge between previously
reported CSIT scenarios such as the pure delayed CSIT of [4],
[5] and the pure instantaneous CSIT scenarios [1], [2] for the
MIMO setting. We tackle both the BC and IC configurations as
we point out the tight connection between the DoF achieving
transmission strategies in both settings. More specifically, we
obtain the following key results:

« We establish outer bounds on the DoF region for the two-
user temporally-correlated MIMO BC and IC with perfect
delayed and imperfect current CSIT, as a function of the
current CSIT quality exponent. By introducing a virtual
received signal for the IC, we nicely link the outer bound
to that of the BC, arriving at the similar outer bound results
for both cases. In addition to the genie-aided bounding
techniques and the application of the extremal inequality
in [14], we develop a set of upper and lower bounds of
ergodic capacity for MIMO channels, which is essential
for the MIMO case but not extendible from MISO.

o We propose a unified framework relying on block-Markov
encoding uniquely parameterized by the rate splitting
and power allocation, by which the optimal DoF regions
confined by the outer bounds are achievable with perfect
delayed plus imperfect current CSIT. For any antenna and
current CSIT settings, every point in the outer bound
region can be achieved with one single scheme. For
instance, the MIMO BC with M = 3, N; = 2 and
Ny = 1 achieves optimal sum DoF % when
3a; — 2as < 1 and 7*% otherwise, where a7 and
ag are imperfect current CSIT qualities for both users’
channels. This smoothly connects three special cases: the
case with pure delayed CSIT [5] (a; = ag = 0), that
with perfect current CSIT [1] (a; = s = 1), and that
with perfect CSIT at Receiver 1 and delayed CSIT at
Receiver 2 [24] (a1 = 1,0 = 0).

o We propose a new systematic way to prove the achievabil-
ity. In the proposed framework, the achievability region is
defined by the decodability conditions in terms of the rate
splitting and power allocation. The achievability is proved
by mapping the outer bound region into a set of proper
rate and power allocation and showing that this set lies
within the decodability region. This contrasts with most
existing proofs in the literature where the achievability of
each corner point is checked.

It is worth noting that our results cover the previously
reported particular cases: the perfect CSIT setting [1], [2]
(i.e., current CSIT of perfect quality), the pure delayed CSIT
setting [6] (i.e., current CSIT of zero quality), the partial/hybrid
CSIT MIMO BC/IC case [24]-[26] (with perfect CSIT at
one receiver and delayed CSIT at the other one), and the



special MISO case [13]-[15] with N; = N» = 1, symmetric
MIMO case [16], as well as the MISO case with asymmetric
current CSIT qualities [18]. In a parallel work [23], a similar
scheme was independently revealed, also built on the block-
Markov encoding, evolving from the multi-phase scheme
initially proposed in [18]. While they focus on the MISO
BC in a more general evolving CSIT setting, our work deals
with a wider class of channel configurations (both MIMO BC
and IC) with static CSIT.

The rest of the paper is organized as follows. We present the
system model and assumptions in the coming section, followed
by the main results on DoF region characterization for both
MIMO BC and MIMO IC cases in Section III. Some illustrative
examples of the achievability schemes are provided in Section
IV, followed by the general formulation in Section V. In Section
VI, we present the proofs of outer bounds. Finally, we conclude
the paper in Section VIIL.

Notation: Matrices and vectors are represented as uppercase
and lowercase letters, respectively. Matrix transport, Hermitian
transport, inverse, rank, determinant and the Frobenius norm of
a matrix are denoted by AT, A", A~! rank(A), det(A) and
|| Allg, respectively. A,.1,] represents the submatrix of A from
k1-th row to ko-th row when k; < ky. h' is the normalized
orthogonal component of any non-zero vector h. We use I,
to denote an M x M identity matrix where the dimension is
omitted whenever confusion is not probable. The approximation
f(P) ~ g(P) is in the sense of limp_, % = C, where
C > 0 is a constant that does not scale as P. Partial ordering
of Hermitian matrices is denoted by > and <, ie., A < B
means B — A is positive semidefinite. Logarithms are in base 2.
()* means max{x, 0}, and R’} represents the set of n-tuples
of non-negative real numbers. f = O(g) follows the standard
Landau notation, i.e., lim L < C where the limit depends on
the context. With some abuse of notation, we use Ox(g) to
denote any f such that Ex(f) = O(Ex(g)). Finally, the range
or null spaces mentioned in this paper refer to the column
spaces.

II. SYSTEM MODEL
A. Two-user MIMO Broadcast Channel

For a two-user (M, N1, N3) MIMO broadcast channel
(BC) with M antennas at the transmitter and [V; antennas
at Receiver i, the discrete time signal model is given by

yi(t) = H;(t)x(t) + zi(t) (D)

for any time instant ¢, where H,(t) is the channel
matrix for Receiver i (i = 1,2); 2;(t) ~ N¢ (0,Iy,) is the
normalized additive white Gaussian noise (AWGN) vector
at Receiver ¢ and is independent of channel matrices and
transmitted signals; the coded input signal x(t) € CM*! is
subject to the power constraint E([|2(t)[|*) < P, V.

c (CNixM

B. Two-user MIMO Interference Channel

For a two-user (M7, Ma, N1, No) MIMO interference chan-
nel (IC) with M; antennas at Transmitter ¢ and N; antennas

at Receiver 7, for 7,7 = 1,2, the discrete time signal model is
given by

yi(t) = Hiu ()1 (t) + Hio(t)xo(t) + 2i(t) (2)

for any time instant ¢, where Hj;(t) € CNi*Mi (i, j =1,2)
is the channel matrix between Transmitter ¢ and Receiver j;
the coded input signal x;(t) € CM:*! is subject to the power
constraint E(||w1(t)|\2) < Pfori=1,2,Vt.

In the rest of this paper, we refer to MIMO BC/IC as MIMO
networks. For notational brevity, we define the ensemble of
channel matrices, i.e., H(t) £ {H;(t), Hy(t)} (resp. H(t) =
{Hu1(t), H21(t), H12(t), Ha2(t)}), as the channel state for
BC (resp. IC). We further define #* £ {#{(¢)}}_,, and H* £
{H(t)}s_,, where k=1,--- ,n.

C. Assumptions and Definitions

Assumption 1 (perfect delayed and imperfect current CSIT).
At each time instant t, the transmitters know perfectly the
delayed CSI H'™', and obtain an imperfect estimate of the
current CSI 7:l(t), which could, for instance, be produced by
standard prediction based on past samples. The current CSIT
estimate is modeled by

H;(t) = Hy(t) + H;(t)
H;(t) = Hij(t) + Hy(t)

3)
“4)

for BC and IC, respectively, where estimation error I;L(t)
(resp. H;;(t)) and the estimate H;(t) (resp. H,;(t)) are mutu-
ally independent, and each entry is assumed' to be N¢ (O, 0?)
and N¢ (0, 1-— 01-2). Further, we assume the following Markov
chain

(K7L HY = HE) — HE), vt (5)

which means H(t) is independent of (H'~*, H!~1) conditional
on H(t). Furthermore, at the end of the transmission, i.e., at
time instant n, the receivers know perfectly H"™ and H™.

It readily follows that, for any fat submatrix H of H; or H,;,
E(logdet(HH")) > —oco and E(logdet(HH")) = O(1)
when o2 goes to 0.

The assumption on the CSI at the receiver (CSIR) is in
accordance with previous works with delayed CSIT, and does
not add any limitation over the assumption made in [4]-[6].
We point out that only local CSIT/CSIR (the channel links
with which the node is connected) is really helpful and leads
to the same result. Nevertheless, we assume the CSIT/CSIR to
be available in a global fashion for simplicity of presentation.

We are interested in characterizing the degrees of freedom
(DoF) of the above system as functions of the quality of current
CSIT, thus bridging between the two previously investigated
extremes which are the perfect instantaneous CSIT and the fully
outdated (non-instantaneous) CSIT cases. As it was established
in previous works [13], [14], the imperfect current CSIT has
beneficial value (in terms of improving the DoF) only if the
CSIT estimation error decays at least exponentially with the

'We make the above assumption on the fading distribution to simplify
the presentation, although the results can be applied to a broader class of
distributions.



dl < min{M, Nl}, (63.)
dg S min{M, NQ}, (6b)
d1 + dg § min{M, N1 + NQ}, (6C)
in{M, N1 + No} — min{M, N-
. dy L do < 1_’_mln{ , .1—1— 2} — min{M, 1}a17 (6d)
min{M, N1} = min{M, N; + No} min{M, N1 + Ny}
d d in{M, N1 + N2} — min{M, N.
— oy il N) M N (6¢)
min{M, N7 + No} ~ min{M, Ny} min{M, N7 + Ny}
SNR or faster. Thus it is reasonable to study the regime by < lim su su w1 Ry + wa Ry
which the CSIT quality can be parameterized by an indicator - pﬁoop (Ra, RS)GC log P '
o; > 0 such that: (10)

a; = — lim log o7
! PSoo log P

)

if the limit exists. This «; indicates the quality of current CSIT
corresponding to Receiver ¢ at high SNR. While a; = 0 reflects
the case with no current CSIT, o; — oo corresponds to that
with perfect instantaneous CSIT. As a matter of fact, when
a; > 1, the quality of the imperfect current CSIT is sufficient
to avoid the DoF loss, and ZF precoding with this imperfect
CSIT is able to achieve the maximum DoF [27]. Therefore,
we focus on the case «; € [0,1] henceforth. The connections
between the above model and the linear prediction over existing
time-correlated channel models with prescribed user mobility
are highlighted in [13], [14]. According to the definition of the
estimated current CSIT, we have E(|h2(t)ﬁé—(t)|2) =02 ~
P~ with h}, representing any row of channel matrices H;(¢)
(resp. H;;(t)), and flz being its corresponding estimate.

A rate pair (Ry, R2) is said to be achievable for the two-user
MIMO networks with perfect delayed and imperfect current
CSIT if there exists a (2"31,2"32, n) code scheme with:

o two message sets Wy = [1 : 2"F1] and Wy £ [1 : 27F2],
from which two independent messages Wi and Wa
intended respectively to Receiver 1 and Receiver 2 are
uniformly chosen;

« one encoding function for (each) transmitter:

BC: x(t) = fi (Wi, Wa, H1 HY)

N 8
IC: il?z(t) = fi,t (Wi,Ht_l,Ht>, 1=1,2; ®)

« one decoding function at the corresponding receiver,
Wy =g; (V)" 1" "), =12 ©)

for Receiver j, where Y} £ {y; ()},

such that the average decoding error probability P@(”), defined
as P 2 P((W1, Wa) # (Wl,Wz)), vanishes as the code
length n tends to infinity. The capacity region C is defined
as the set of all achievable rate pairs. Accordingly, the DoF
region can be defined as follows:

Definition 1 (degrees of freedom region). The degrees of
freedom (DoF) region for the two-user MIMO network is
defined as

D= {(dl, d2) € R2| V(wi,w2) € RE, widy + wads

III. MAIN RESULTS

According to the assumptions and definitions in the previous
section, the main results of this paper are stated as the following
two theorems:

Theorem 1. For the two-user (M, N1, No) MIMO BC with
delayed and imperfect current CSIT, the optimal DoF region
{(d1,d2)|(d1,d2) € R%} is characterized by eq-(6) on the top
of this page, where o; € [0,1] (i = 1,2) indicates the current
CSIT quality exponent of Receiver i’s channel.

Proof: The proof of achievability will be presented in
Section IV showing some insights with toy examples, and in
Section V for the general formulation. The converse proof will
be given in Section VI focusing on (6d) and (6e), because
the first three bounds correspond to the upper bounds under
perfect CSIT settings and thus hold trivially under delayed and
imperfect current CSIT settings. [ ]

Remark 1. This result yields a number of previous results
as special cases: the delayed CSIT case [5] for oy = ap =
0, where the sum DoF bound (6¢) is inactive; perfect CSIT
case [1] for an = ao = 1, where the weighted sum DoF
bounds (6d) and (6e) are inactive; partial CSIT (i.e., perfect
CSIT for one channel and delayed CSIT for the other one)
case [24] for ay = 1, a9 = 0, where only (6b) and (6e) are
active; delayed CSIT in MISO BC for Ny = Ny =1 [I4],
[15], [18].

Before presenting the optimal DoF region for MIMO IC,
we specify two conditions.

Definition 2 (Condition C}). Given k € {1,2}, the condition
Cy holds, indicating the following inequalities

My > Nj, M; <N, M +M;>N;+N> (11

are true, ¥ j € {1,2}, j # k.

Remark 2. This definition that points out the existence of the
corresponding outer bound, is different from that in [6], in
which the condition implies the activation of the outer bounds.

Theorem 2. For the two-user (M1, Ma, N1, No) MIMO IC
with delayed and imperfect current CSIT, the optimal DoF
region {(dy1,d>)|(d1,d2) € RL} is characterized by eq-(12)



dl S min{Ml,Nl}, (128.)
dg S IIliIl{]\fg,]\/vQ}7 (12b)
d1 + dg S Inin{M1 + MQ,Nl + Ng,max{Ml,NQ},maX{Mg,Nl}}, (120)
d1 + d2 min{Nl,Ml + MQ} min{Mg,Nl + NQ} — min{Mg,Nl}a (12(1)
IIliIl{Mg,Nl} HliIl{MQ,Nl + Ng} - HliIl{MQ,Nl} min{Mg,Nl + NQ} b
dl 4 dQ min{NQ, M1 + MQ} IniIl{Ml, N1 + NQ} — min{Ml, NQ} (126)
min{Mth + NQ} min{Ml,Ng} - min{Ml,Ng} min{Ml,Nl + NQ} a2
Ny 42Ny — M.
dy + 2 +7N2 2dy < Ny + Na + (Ny — Ma)as, if Cy holds (12f)
2
Ny +2N; — M
dy+ 2= =M N N (Ny — My)ay, if Cy holds (12g)

Ny

on the top of this page, where o; € [0,1] (i = 1,2) indicates
the current CSIT quality exponent corresponds to Receiver i.

Proof: The general formulation of achievability will be
presented in Section V, and the converse will be given in Section
VI. For the converse, the first three inequalities correspond to
the outer bounds for the case of perfect CSIT, which should
also hold for our setting. Hence, it is sufficient to prove the
last four bounds. Due to the symmetry property of the bounds
(12d) and (12e), (12f) and (12g), it is sufficient to prove the
bounds (12d) and (12f). [ |

Remark 3. Some previous reported results can be regarded
as special cases of our results: delayed CSIT case [6] for
a1 = ag = 0; perfect CSIT case [2] for a1 = as = 1, where
the weighted sum DoF bounds (12d)-(12g) are inactive; hybrid
CSIT (i.e., perfect CSIT for one channel and delayed CSIT
for the other one) case [26] for ay = 1,9 = 0, where the
bounds (12e) and (12f) are active.

IV. ACHIEVABILITY: TOY EXAMPLES

To introduce the main idea of our achievability scheme, we
revisit MAT [4] and a-MAT alignment [13]-[15] for the case
of MISO BC in Section IV. A, followed by an alternative way
built on block-Markov encoding and backward decoding in
Section IV. B, as well as some examples in Section IV. C
and IV. D showing that block-Markov encoding allows us
to balance the asymmetry both in current CSIT qualities
and antenna configurations. Although MAT [4] and a-MAT
alignment [13]-[15] appear to be conceptually different, these
schemes boil down into a single block-Markov encoding
scheme (of an infinite number of constant-length blocks). In
fact, both schemes can be represented exactly in the same
manner with different parameters.

A. MAT v.s. a-MAT Revisit

Let us take the simplest antenna configuration, i.e., (2,1,1)
BC, as an example. Recall that both MAT and o-MAT deliver
symbol under the same structure. Specifically, in the first phase
(Phase I), two independent messages w; and ws are encoded
into two independent vectors w1 (wq) and us (wq) with different

covariance matrices Q1 = E (u;uf) and Q2 £ E (usul). The
sum of these vectors are sent out, i.e.,

z[1] = uy + uq,

MAT: Ql = Q2 = PI, (13)
s.t. Q1 =P9®;, + %,
a-MAT: 2
Q2 :P1¢ﬁ1 +P2¢i7’f-
where P, ~ P1=®, P, = P— P, ~ P, Va € [0,1], and
H
®, £ % Each receiver experiences some interferences
caused by the symbols dedicated to the other receiver
m = hius, MAT: E (|n:]?) ~ P
A pH t MAT: E 2 Pl—a (14)
N2 = hgul - . (|771| ) ~

Then, the task of the second phase is to multicast the
interferences (11,72) to both receivers. The main difference
between the MAT and a-MAT lies in the way in which the
interferences are sent. While the analog version of 7, is sent
in two slots with MAT, the digitized version is sent with -
MAT instead. Note that the covariance matrices Q1 and Qo,
or equivalently, the spatial precoding and power allocation, of
a-MAT are such that the mutual interferences (11,72) have
a reduced power level P1=%. According to the rate-distortion
theorem [28], each interference 7, k = 1, 2, can be compressed
with a source codebook of size P!~ or (1 — «)log P bits
into an index [, in such a way that the average distortion
between 7, and the source codeword 7j(I)) is comparable to
the AWGN level [14]. Then, the index [, is encoded with a
channel codebook into a codeword «.(l;) ~ PIs and sent as
the common message to both receivers. Thanks to the reduced
range of lj, there is still room to transmit private messages.
The structure of the two slots in the second phase (Phase II) is

{ MAT: (2] = vEng,

1
a-MAT:  x[2] = x.(Ik) + up1 + up2 (15

where k = 1, 2, vy, is a randomly chosen vector; the covariances
of the private signals u,; and u, are respectively Q.,, =
P“‘D,}é and Q,,, = P*®; n in such a way that they are drown
in the AWGN at the unintended receivers without creating
noticeable interferences (at high SNR). At Receiver k, the
common messages [, and [ are first decoded from the two
slots in Phase II, by treating the private signal w,; or up2 as
noise. The common messages are then used to 1) reconstruct



71 and 7o that will be used with the received signal in Phase
I to decode wy and recover 2 — o DoF, and 2) to reconstruct
@.(l;;) and remove it from the received signals in Phase II
so as to decode the private messages and recover 2« DoF (in
two slots). In the end, 2 — o + 2ac = 2 4+ a DoF per user is
achievable in three slots, yielding an average DoF of 2*—0‘ per
user. The interested readers may refer to [14] for more detalls

of a-MAT alignment.

B. An Alternative: Block-Markov Implementation

In fact, both MAT and a-MAT can be implemented in a
block-Markov fashion, the concept of which is shown in Fig. 1
for @« = 0. The common message @.(l,—1) comes from the
previous block b — 1, and wg (wgy) is the new private message

dedicated to Receiver k& (k = 1,2). Essentially, we “squeeze”

the Phase II of block b — 1 and the Phase I of block b into
one single block, with proper power and rate scaling.

b || x| xe(l)

u;(Wip—1) + Uy (Wap-1) u; (Wip) + up(Wap) wy (Wips1) + Uz (Wape1)

Fig. 1: Block-Markov Encoding.

The transmission consists of B blocks of length n. For
simplicity of demonstration, we set n = 1. In block b, the
transmitter sends a mixture of two new private messages wiyp
and woy, together with one common message [,_1, for b =
1,...,B. As it will become clear, the message [;_; is the
compression index of the mutual interferences experienced by
the receivers in the previous block b—1. By encoding w1, wap,
and 1 into uq(wip), wa(wap), and x.(lp—1), respectively,
with independent channel codebooks, the transmitted signal is
written as

b=1,...,B
(16)

where we set [ = 1 to initiate the transmission and wip =
wep =1 to end it. As before, the common message . (l,—1)
is with power P, whereas the precoding in w; and wus is with
a reduced power, parameterized by A, A’, with 0 < A, A’ <1,
such that

Qi = PA®; + P9,

z[b] = xc(lp—1) + w1 (wip) + w2 (wap),

Q>

where A £ (A’ — a)*. The mutual interferences are defined
similarly and their powers are now reduced

= P'®; +PY%;, (17

yi[b] = h1wc(l 1) +hiug (wy) + hius(wa) (18)
pa’ np~PA

y2[b] = h;wc(lb 1) + hyus(wap) + houi (wi)  (19)
P pA nap~PA

where we omit the block indices for the channel coefficients
as well as the AWGN for brevity. At the end of block b,
(71, m2p) are compressed with a codebook of size P24 into
an index [, € {1, . ,PQA}. The distortion between (115, 725)
and (71 (Ip),72(lp)) is at the noise level.

At the end of B blocks, Receiver & would like to retrieve
Wk, .- ., Wk B—1. Let us focus on Receiver 1, without loss of
generality. In this particular case, /;,_; can be decoded at the
end of block b, by treating the private signals as noise, i.e.,
with signal-to-interference-and-noise-ratio (SINR) level pi=4"
for b= 2,..., B. The correct decoding of [,_; is guaranteed if
the SINR can support the DoF of 2A for the common message,
ie.,

24 <1 A (20)

Given that this condition is satisfied, lg,l1,...,lp_1 are avail-
able to both receivers. Therefore, 71,72, b=1,..., B — 1,
are known, up to the noise level. To decode w1, Receiver 1
uses 71y, 725, and lp,—1 to form the following 2 x 2 MIMO
system

hTmc(lb—l) —
20

PW mﬂ—ﬁﬂmwm 1)

where the equivalent channel matrix has rank 2 almost surely.
This decoding strategy for the private message boils down to
the backward decoding, where the mutual interferences (715,
79p) decoded in the future block are utilized in current block as
side information. From the covariance matrix @ of u; from
(17), we deduce that the correct decoding of wq; is guaranteed
if the DoF dy;, of wn, satisfies

diypy <A+ A (22)

Combining (20) and (22), it readily follows that the optimal
A’ should equalize (20), i.e., A”* = 1422 Thus, we achieve
dip = 2*“ . Due to the symmetry, dgb has the same value.
Finally, we have

5 —12+
Z 30‘7

b=1

k=1,2 (23)

which goes to 2% when B — oc.

By now, we have shown that both MAT and a-MAT schemes
can be interpreted under a common framework of block-Markov
encoding with power allocation parameters (A, A’) and that
they only differ from the choice of these parameters. As we
will show in the following subsections, the strength (or benefit)
of the block-Markov encoding framework becomes evident
in the asymmetric system setting, where the original a-MAT
alignment fails to achieve the optimal DoF in general.

C. Asymmetry in Current CSIT Qualities

Let us consider again the MISO BC case but assume now that
the CSIT qualities of two channels are different, i.e., a; # ao,
where «y, (k= 1,2) is for Receiver k. The signal model is in
the exact same form as in (16) with a more general precoding,
parameterized by Ay, A}, with 0 < Ay, A} <1, such that

Qi = PN + PN®;,, Q= PO + PR,

(24)
where Ay £ (A, — a;)*, j # k € {1,2}. Following the

same footsteps as in the symmetric case, it is readily shown
that 71, ~ P42 and 7, ~ PA and that (11, 72,) can be



TABLE I: Parameter Setting for the (2,1,1) BC Case (a1 > a2)

Condition Y Al Corner Point (d1,d2)
All — lfajtay A’2 _ ltojtas (2+2a1*6¥2 2—ag+2a9
2000 —ag <1 3 3 3 ’ 3
! 2= 1 _ Ifag /o
Al = ) A2 = a1 (17041)
200 —ap >1 [ A =12 Ay = Ha (1, 5
T
- A/1 = a2 Al2 = 7"—2&1 (a27 1)

compressed up to the noise level with a source codebook of
size PA41742_ The decoding at both receivers is the same as
before. To decode the common message [, by treating the
private signals as noise, since the SINR is P1=41 at Receiver 1
and P'=4% at Receiver 2, the DoF of the common message
should satisfy

Ay + Ay <min{l — A}, 1— AL}. (25)

Using the common messages [, and [;_; as side information,
wyp and wo can be decoded at the respective receivers if

dip < A + A/l and dop < Ao + A/2 (26)

By carefully selecting the parameters A} and A, all corner
points of the DoF outer bound can be achieved, as shown in
Table I on the top of this page where the condition is to make
sure the corner points exist. Note that the corner point (ag,1)
always exists as long as o > .

D. Asymmetry in Antenna Configurations

We use the (4,3,2) MIMO BC case to show that the
block-Markov encoding can achieve the optimal performance
in asymmetric antenna settings. Recall that, in the previous
subsections, the backward decoding is performed to decode
the private messages, and that the common messages can be
decoded block by block. In this case, however, we also need
backward decoding to decode the common messages as well.

The same transmission signal model (16) is used here, with
the following precoding, parameterized by A and A;c, k=1,2,
0< Ay <A <1

Qu=PY"0p + PH®,, . Q=P8 + Phoy,

27
where A, k # j € {1,2}, is defined as
(A, — )T, dp <4— Njaj,
A : J A
A = { GUN) g > 4 - Njay 28)

with d; € Ry being the achievable DoF associated with
Receiver k. It is readily verified that A} — a; < Ay < A}
is always true, such that the created interference at intended
Receiver j is of power level Ag, and the desired signal at
Receiver k is of level Aj.

We recall that the common message @.(lp—1) is transmitted
with power P and that the ranks of ® e @, L L] Ay and @ 2
are respectively 2, 2, 3, and 1, almost surely. The received
signals are now vectors given by

y1[b] = Hixc(lp—1) +Hiur (wip) + Hiug(way),
——— ————

PI3

(29)

Ny~ PA2I3

yo[b] = Hox (lp—1) +Hous(wap) + Houq(wrp) . (30)
—— —— ————

PI, anNPAl I

Following the same footsteps as in the single receive antenna
case, it is readily shown that (715, 72) can be compressed up
to the noise level with a source codebook of size P241+342
For convenience, let us define

dy 2 24, +34,. (31)

Unlike the MISO case where the common messages can be
decoded independently in each block without loss of optimality,
backward decoding is required to jointly decode the common
and private messages in the general MIMO case, in order to
achieve the optimal DoF. As we will see later on, the common
rate can be improved with backward decoding in general. The
decoding starts at block B. Since wyp and wyp are both known,
the private signals can be removed from the received signals
y1[B] and y2[B]. The common message [z_1 can be decoded
at both receivers if d,, < 2. At block b, for b= B —1,...,2,
assuming [, is known perfectly from the decoding of block b+1,
715 and 125 can be reconstructed up to the noise level. The
following MIMO system can be obtained

[yl [blr;b mb} - [Igl] wo(lp—1) + [g;] wy(wy).  (32)

Note that this is a multiple-access channel (MAC) from which
lp—1 and wyy can be correctly decoded if the rate pair lies
within the following region

d, <3 (33)
dip < 2A; + 24A] (34)
dy + dipy < 34244, (35)

whose general proof is provided in Appendix A. Let us set
dip to equalize (34). Then, (33) and (35) imply d,) < 3 —2A4].
Similar analysis on Receiver 2 will lead to d,, < 2 — A5, by
setting dop, = A’ + 3A,. Therefore, from (31), we obtain the
following constraint

241 + 345 < min {3 — 24,2 — A)} (36)
to achieve any (dyp, d2p) such that
dip <241 + 2A/1 and dy, < A/Q + 3A,. 37

By letting B — 0o, d; = 2A1+2A) and dy = A} +3As can be
achieved for any A, A, < 1 given the definition of (A;, As) in
(28), as long as (36) is satisfied. We can show that, by properly
choosing (A, A}), all the corner points given by the outer
bound can be achieved. For example, by setting a1 = a2 = «,
the values (A], A}) that achieve the corner points are illustrated
in Table II on the top of the next page. Note that (15—27 % +a)
exists only when o < 2, whereas (3a, 4—3a) and (4—2a, 2a)
exist only when o > =.



TABLE II: Parameter Setting for the (4,3,2) BC Case with a3 = gy = .

Corner Point (d1,d2) | Cond. | (A7, AY) [ (A, A) [ dy
i 3F2 3—2 3—2
(3700 ag? (Tava) ( lea O) sz
o > 5 (la a) (5 ) 1
( ) a S % (CK, 2+3(x) (0 404) 6743(1
12 4 - >§ 3 (1 ) ( 1%) T 9 !
(F.5+9) a<z | Gtsezte) | (G —a%s) | 5o«
(3a,4 — 3a) a> 2 (1,1) (3<2 ,1—a) 1
(4 — 20, 20) a> 1 (1,1) (1—a, 221 1
V. ACHIEVABILITY: THE GENERAL FORMULATION Spatial precoding

As aforementioned, the key ingredients of the achievability
scheme consist of:

o block-Markov encoding with a constant block length: the
fresh messages in the current block and the interferences
created in the past blocks are encoded together with the
proper rate splitting and power scaling;

o spatial precoding with imperfect current CSIT: with proper
power allocation over the range and null spaces of the
inaccurate current channel, the interference power at
unintended receiver can be reduced as compared to that
without any CSIT;

e interference quantization: instead of forwarding the over-
heard interference directly in an analog way as done in
pure delayed CSIT scenario, the reduced-power interfer-
ences are compressed first with a reduced number of bits,
and forwarded in a digital fashion with lower rate;

o backward decoding: the messages are decoded from the
last block to the first one, where in each block the
messages are decoded with the aid of side information
provided by the blocks in the future.

In the following, the general achievability scheme will be
described in detail for BC and IC respectively.

A. Broadcast Channels

First of all, we notice that the region (6) given in Theorem 1
does not depend on M (resp. Ni) when M > Ny + N (resp.
Ni > M). Therefore, it is sufficient to prove the achievability
for the case M < N1+ N, and N, < M. And the achievability
for the other cases can be inferred by simply switching off the
additional transmit/receive antennas. Thus, it yields

M =min {M, Ny + N»},

38
Nk:min{M,Nk}, k:1,2. ( )

Block-Markov encoding

The block-Markov encoding has the same structure as before,
namely,
z[b] = xc(lp—1) + w1 (wip) + wo(wa), b=1,...,B
(39)

where we recall that we set [j = 1 to initiate the transmission
and wig = wap = 1 to end it.

Both u;,us € CM*1 are precoded signals of M streams,
such that

Qu=Ph0; +PH®,, . Q=P8 +Phoy,

(40)

where the rank of ®, is Ny whereas the rank of @ L 18
M —Ng, k=1,2.In other words, for Receiver k, IV; streams
are sent in the subspace of the unintended Recelver J with
power level Ay, and the other M — N; streams are sent in the
null space of Receiver j with power level Aj,, where (A, A})

satisfies
0<A, <A, <1 and A, > A} —q; (4D

for j # k € {1, 2}. Note that the above condition guarantees
that the interference at Receiver j has power level A and the
desired signal at Receiver k is of power level Aj.

Interference quantization

Recall that the common message x.(l,—1) is sent with power
P. The received signals in block b are given by

yi1[b] = Hixo(lp—1) +Hiuq (wip) + Hius(way), (42)
— —
Plny Mmp~PA2IyN,

y2[0] (43)

= Hox (lp—1) +Hows(wap) + Houq (wrp) -
—_—— ————

Pln, Nap~PALTy,

It is readily shown that (15, 725) can be compressed up to
the noise level with a source codebook of size PN2A1+N1A:
into an index I,. For convenience, let us define

dp, & N1As, dy, & NoAy, and d,, £ d,y, +dy,.  (44)

Backward decoding

The decoding starts at block B. Since wip and wsp are
both known, the private signals can be removed from the
received signals y;[B] and yo[B]. The common message lp_1
can be decoded at both receivers if d,, < min {Ny, Na}. At
block b, assuming [, is known perfectly from the decoding of
block b+ 1, 15, and mop can be reconstructed up to the noise
level, for b= B —1,...,2. The following MIMO system can
be obtained at Receiver k, k= 1,2

[yk [bllj; nkb} ) [ng] Te(ly—1) + [gﬂ up(wpp)  (45)




for j # k € {1,2}. Since the common message [, and the
private message wyg;, are both desired by Receiver k, this system
corresponds to a multiple-access channel (MAC). As formally
proved in Appendix A, Receiver k can decode correctly both
messages if the following conditions are satisfied.

dn < N, (46)
dip < NJAk + (M - ]\Z)A;C ()
d’? + dpp < Ny + NjAk. (48)

Let us choose dy; to be equal to the right hand side of (47)
for k =1,2 and b = 1,.., B — 1. Then, the equality in (47)
together with (44), (46), (48) implies, when letting B — oo,
the following lemma.

Lemma 1 (decodability condition for BC). Let us define

ABC { A17A37A27A/) | Ak? [0 1]
Al —a; < Ay < A, Vks«éy €{1,2}} 49

Dro 2 {(di,da) | dy € [0,N], Vke{1,2}} (50)
and

faa : Asc — Dgc (51

(A, A}) = di & NjAg + (M — Nj) A}, Vk #j € {17(?5];)

Then (d1,ds) = fa.a(A), for some A € Apc, is achievable
with the proposed scheme, if
d”]l + dl < Nla
dp, +da < No.

(53)
(54)

where we recall d,, £ N, A, and dp, £ N, A;.

Remark 4. In the above lemma, d.,, can be interpreted as the
degrees of freedom occupied by the interference at Receiver k.
Therefore, (53) and (54) are clearly outer bounds for any
transmission strategies, i.e., the sum of the dimension of the
useful signal and the dimension of the interference signal at
the receiver side cannot exceed the total dimension of the
signal space. These bounds are in general not tight except for
special cases such as the “strong interference” regime where
interference can be decoded completely and removed or the
“weak interference” regime where the interference can be treated
as noise while the useful signal power dominates the received
power. Remarkably, the proposed scheme achieves these outer
bounds. This is due to two of the main ingredients of our
scheme, namely, the block-Markov encoding and interference
quantization. The block-Markov encoding places the digitized
interference in the “upper level” of the signal space (with
full power) and thus “pushes” the channel into the “strong
interference” regime in which the digitized interference can
be decoded thanks to the structure brought by the interference
quantization.

Definition 3 (achievable region for BC). Let us define

} (55)

IEC £ {(AlvAIhAQaA/Z) € ABC

(dla d2) = fA-d(AhA/la A27 A/Q)v
%igl*Aja k#je{L?}

and the achievable DoF region of the proposed scheme

Iy f ) £ { (di,do)
(d 2) fAd A17A17A27A/)
(A A'1 Ajy) € Agc, (56)
&< Ag, k#je{l,2}

Achievability analysis

In the following, we would like to show that any pair (dy, ds)
in the outer bound region defined by (6), hereafter referred to
as (’)gc, can be achieved by the proposed strategy. Therefore,
it is sufficient to show that OF¢ C ZBC. The main idea is as
follows. If there exists a function

faa © OF° = Apc (57)

such that
(dv,d2) = fa-a(fa-a(di,d2)), and (58)
fa-a(dy,dy) € IS, (59)

then for every (dy,d2) € OFC we can use the power allocation
(A1, AL, Ag, AY) = faa(di,d2) on the proposed scheme to
achieve it, i.e.,

= fa-a(f24(05°)) C fa.a(Z5°)

from which the achievability is proved. Now, we define formally
the power allocation function.

= 75¢ (60)

Definition 4 (power allocation for BC). Let us define fq. 4 :
Ogc — ABC-'

(di,d2) — (A1, A)) £ fi(dy), (Az, AY) £ fa(dz)  (61)
where fi, j # k € {1,2}, is specified as below.

o When M = N;: A} = A = %;

o When M > Nj and dj, < M—Njaj.' A = (14;c —Oéj)+,

and thus
e if di, < (M — N;)ay;
AL — ) M-N; 3% 62
F {W, otherwise; 62)

o When M > N; and d, > M — Njo;: A) =1, and thus
A = dk.—(M.—Nj)‘

It is readily shown that, for any (di,d2) € OFC, the
resulting power allocation always lies in Agc as defined in
(49) and that (58) is always satisfied. It remains to show
that (59) holds as well, i.e., the decodability condition in
(55) is satisfied. To that end, for any (dy,ds) € 0BC we
first define (A, A}, Ay, AY) = fia(di,dz) which implies
dj = NpAj + (M — Ni)A%L, j # k € {1,2}. Applying this
equality on the constraints in the outer bound (’)g’c in (6), we
have

dip _ M — (M — Np)A]

F’ZS N 1 A, (63)
M — N (A —ag) + NpA; 1T

%Sl— ( ) ( JM k) + NpA;j 64)



for k # j € {1,2}, where the first one is from the sum rate
constraint (6¢) whereas the second one is from the rest of the
constraints in (6). The final step is to show that either of (63)
and (64) implies the last constraint in (55):
e When M = N;, (64) is identical to the last constraint in
(55);
e When M > N, and d; > M — Nyoy, we have A;. =1

according to the mapping fy 4 defined in Definition 4.

Hence, (63) is identical to the last constraint in (55);
e When M > Nj and d; < M — Npay, we have A; =
(A’ — ay)™ according to Definition 4. Hence,

(M — Ni)(A) — ag) + NiA;
M

> A (65)

with which (64) implies the last constraint in (55).

By now, we have proved the achievability through the existence
of a proper power allocation function such that (58) and (59)
are satisfied for every pair (dy,ds) in the outer bound.

B. Interference Channels

The proposed scheme for MIMO IC is similar to that for
BC, with the differences that (a) the interferences can only be
reconstructed at the transmitter from which the symbols are sent,
and (b) antenna configuration does matter at both transmitters
and receivers. Further, as with the broadcast channel, we notice
that the region (12) given in Theorem 2 does not depend on
Mj, (resp. Ni) when My > Ny + Ny (resp. Ny > My + M),
k = 1, 2. Therefore, it is sufficient to prove the achievability
for the case My < Ny + Ny and N, < My + Ms, k =1,2,
since the achievability for the other cases can be inferred by
simply switching off the additional transmit/receive antennas.
Thus, it yields

M;, = min {Mk,Nl + ]\72}7

. (66)
Ni = min {Ny, My + My}, k=1,2.
We also define for notational convenience
N{ émin{Nl,Mg}, Né émin{Ng,Ml}. (67)

Block-Markov encoding

The block-Markov encoding is done independently at both
transmitters

L1 [b]
iL’Q[b]

1e(l1,o—
2c(l2,b7

where we set I g = lz0 = 1 to initiate the transmission and
w1 = wopg = 1 to end it.

(68)
(69)

1) +ui(wip),

x
x 1) + ua(wap),

b=1,...,B

Spatial precoding

The signal uy € CM+*1 | = 1,2, is precoded signal of
M, streams, such that

(70)
(71)

Qu=P10y + PHOy, + PRy,
Qo= P10y + PRBy ., + PHRy

where we use H jlkl (resp. H ﬁf) to denote any matrix span-
ning the (M — N]’- — & )-dimensional (resp. {x-dimensional)
subspace of the null space of H; j& where & will be specified
later on. Therefore, the rank of ® o is N whereas the rank

of <I>HU and QHLz are respectlvely My, — Nj — &, and &,
k=1, 5. The power levels (A, A}, AY) satlsfy
Ap, / // clo.1
* € 0.1 (72)

A < Aj, AZSA,C, and Ay > A, —«

for j # k € {1,2}. Note that the above condition guarantees
that the interference at Receiver j has power level A and the
desired signal at Receiver k at power level AJ.

Interference quantization

Recall that the common messages @i.(l15—1) and
oc(l2,p—1) are sent with power P. The received signals in
block b are given by

yi[b] = Huxic(lp—1) + Hizxoc(l2p—1)
PIx,
+ Hyuy (wy) + Higug(wz), (73)
——————
WlePA?IN{
y2[b] = Haoxoc(lop—1) + Horx1c(l,p—1)
Py,
(74)

+ Haoua(way) + Hayu (wiy) -
————
7725~PA11N§
It is readily shown that 77, and 79, can be compressed
separately up to the noise level with two independent source

. / ’ . . .
codebooks of size PN142 and PN241) into indices lap and
l1 p, respectively. For convenience, let us define

dy, & NiAs, dp, = NjAy, and d,) 2 d,), +d,,.  (75)

Backward decoding

The decoding starts at block B. Since wyp and wyp are both
known, the private signals can be removed from the received
signals y1[B] and yz[B]. The common messages /1 p_1 and
lo,p—1 can be decoded at both receivers if

dﬂk S IniIl{Mj,Nl,NQ},
d7]1 +d772 S min{Nl,Ng},

(76)
(77)

i.e., the common rate pair should lie within the intersection of
MAC regions at both receivers for the common messages. At
block b, assuming both [, , and I are known perfectly from
the decoding of block b+ 1, 115 and 12, can be reconstructed
up to the noise level, for b = B — 1,...,2. The following
MIMO system can be obtained at Receiver k

I 4 R PRI

Mjb
Hy,,
+ {ij] uk(wkb)

(78)

for j # k € {1,2}. Note that this system corresponds to
a multiple-access channel from which the three independent



messages 1 p—1, l2p—1, and wy, are to be decoded. It will
be shown in the Appendix A that the three messages can be
correctly decoded if the DoF quadruple (dy,, , d,, d1s, das) lies
within the following region

dgy < NjA, + (Mg — Nj — &) A + & A

)
d»,“c S min {Mj,Nl,Ng} (80)
d771 + dnz S min {Nh NQ} (81)

dﬁk + dpp < ]\7]/C + min {Mk —]\7]/»,]\61C —N];}A;C
+ N;A, (82)

dﬂ_;’ + dpp < min{Mk,Nk}-FNJ/-Ak (83)

dp, + dy, + dpp < Ny + NjAyg. (34)
Now, let us fix

dip = NjA, + (My — Nj — &) A), + & AT (85)

dy, & NjAy (86)

from which we can reduce the region defined by (79)-(84).

First, we remove (79) that is implied by (85). Second, (80)
is not active as it is implied by (86) and (81). Third, (81) is
implied by (84) and (85). Finally, from (86), (83) is equivalent
to dgp < min{ My, Ni} that is implied by (85). Therefore, by
letting B — oo, we have the following counterpart of Lemma 1
for interference channels.

Lemma 2 (decodability condition for IC). Let us define
AIC £ (A17A37A/1/7A27A/27A/2l)

Ap, AL AV € 10,1]

EeAy < Nip(1—4j), k#je{l,2}
Dic £ {(d1,d2) | di, € [0,min{My, N;.}], Vke{1,2}}
(88)
and
faa + Aic = Dic (89)

(Ag, Z,AZ) — dp = N]/Ak + (M — Nj/ — fk)A% + & g,

VE #£j e {1,2} (90)
where
A (Mk — N]/)+ — (Nk — N]/C)+, lka holds
& = { 0, otherwise. D

Then (dy,ds) = fa.a(A), for some A € Ajc, is achievable
with the proposed scheme, if

d7]1 +d1 < Nla
dy, +dy < N

92)
93)

where we recall d,, = N{As and d,, = NjA;.

Proof: Tt has been shown that with (86) and (90), only
(82) and (84) are active. With & defined in (91), we can verify
that M}, — NJ’» — ¢, = min {Mk — N;,Nk — N,;} Thus, from
(86), (90), (91), and the last constraint in (87), it follows that

(82) always holds. Finally, the only constraint that remains is
(84) that can be equivalently written as (92) and (93). |

Definition 5 (achievable region for IC). Let us define

} (94)

and the achievable DoF region of the proposed scheme

7ic & {(Al,A’l,A’l’,AQ,A’Z,A’Q’) € Aic

(d17d2) - fA-d(A17AllaAlllvAQaA/QaAg)a
WSa A, k£je{12)

I & faa(T) 2 < (d1,da)

(d17d2) = fA-d(Alv A/la Alllv A21 A/Qa A/Q/)a

(A17 /1u /1/7 AQa /2>A/2/) S AIC7 . (95)
W< A, k#je{L2)

Achievability analysis

The analysis is similar to the BC case, i.e., it is sufficient
to find a function fg 4 : O}ic — Aic where O(Iic denotes the
outer bound region defined by (12), such that

(di,d2) = fa-a(fa-a(di,d2)), and (96)
faaldy, dy) € TIC. 97)

Now, we define formally the power allocation function.

Definition 6 (power allocation for IC). Let us define vi, k #

j€{1,2}, as
Vkémin{l,zwjggdj}_ 98)
Then, we define fq.a : O(Iic = Ase:
(dy, dp) s (A AL AD) = f1(dr, d), )

(Ag, A, AY) £ fo(dy, dy)

where fi, k # j € {1,2}, such that (90) is satisfied, and that
o when My = Nj: A" = A} = Ay = &—’;;
o when My > N, dy, < (Mg — Nj)ye + Nj(ye — o) *
Ay = (A}, — )7,

r =AY < (100)

o when My, > Nj, dy, > (My — Nj)yi, + Nj(ve — )7,
and y, < 1:

e when My, > Nj, dy > (My, — N))yi + Nj(y — o)™,
and vy, = 1:

L= Al =1. (102)

First, one can verify, with some basic manipulations that,
fa2.4(OF) C Ajc. Second, (96) is satisfied by construction.
Finally, it remains to show that (97) holds as well, i.e., the
decodability condition in (94) is satisfied. Since the region
O(Iic depends on whether the condition C} holds, we prove
the achievability accordingly.



1) Neither Cy nor Cy holds (§&1 = & = 0): For any
(di,d2) € OIF, we can define (Ay, A}, A, Ay, AL, AY) £
fa-a(d1,d2) which implies, in this case,

J# ke {l,2}.

Applying this equality on the constraints in the outer bound
O in (12), we have

dj = NiA;j + (M; — Np)Aj, (103)

dy, < min {max { M7, No} ,max { My, N1}}

N~ N}
(01, - N A,
- TJ — A;, (104)
% < min{ My, Ny} B min{ My, N} — N
N, © Ny, Ny,
N (M — N{) (A} — o) + NjA; 1T
M; ’
(105)

for k # j € {1,2}, where the first one is from the sum rate
constraint (12¢) whereas the second one is from the rest of
the constraints in (12). The final step is to show that either of
(104) and (105) implies the last constraint in (94).

o When M; = Ny, (105) implies the last constraint in (94)
because —”‘"‘{M"A’[N e} Nk < ()

o When M; > N, andd > Mj — Njag, we have A} =1
accordlng to the mapping fd_ 4 defined in Definition 6,
since ; = 1. Hence, the right hand side (RHS) of (104) is
not greater than % — Aj;, which implies the last constraint
in (94); '

e When M; > N/ and dj < Mj — — Njay, we have Aj =
(A} — ozk)+ accordmg to Deﬁmtlon 6 with y; = 1. Smce

mm{M’“A’,J:k} Nk < 0, we can show that

min{Mk, Nk} — Nk
N,

(Mj — N)(A, — ag) + NLA;
M;

in{ My, N} — N,
> min{ k}V %)} k + A, (106)
k

with which (105) implies the last constraint in (94).

2) Cy holds (§; > 0, & = 0): In this case, it is readily
shown, from (90) and (91), that

dp = NjAg + (N — M)A}, + & 107)
d; = M;A;. (108)
Applying the mapping d; = M;A; on (12¢) results in
dk min{Mk, Nk}
— < ——=— A, (109)
N;, N;, I
that always i d’“ < M A;. Due to the asymmetry,

we also need to prove that VJ < 1 — Ag. Therefore, the final
step is to show that it can be implied by at least one of the

constraints in (12), together with (107) and (108).
e When di, < (M — Nj)vi + Nj(y — )T, we have
Al = A} < v according to (100). Therefore, dj, =

N; A, + (My, — N;)A,, plugging which into (12e), we

obtain
dij min{Mj,Nj} —min{Mj,Nj}—Nj
N; ~ N; I N;
My — N))(A, — o)+ N;A,]T
+( k ])( k O[])+ J k:| (110)
M,
< min{M;, N;}  [min{M;, N;} — N; +Ak]
N; I Nj
(111)

where the [-]* in (110) is from the single user bound
(12b); the last inequality is due to Ay = (A}, —«;)" and
min{M; ,N;}—N; <0.
N;
e When dk > (Mg — Nj)vi + Nj(ve — o)™, we have
A} > A}l = i, according to (101) and (102).
- If v, < 1, then A} =y = = Midi 4nd dy, = (N —

M)Al + M; —d; + N;Ay. Pllilgging the latter into
(12f), we obtain
d;  min{M;, N;}  [min{M;, N;} — N;
N~ N;j N;j
L Ve = M) (A — o) + NjA -
Ni + N, — M;
(112)
_min{Mj,Nj} B {min{ i N;} — N i 4,
N;j N;j
(113)

where the [-]* in (112) is from the single user bound
(12b); the last inequality is due to Ay = (A4}, —a;)*
and mm{M N;}—N; <0.
- If v =1, thenA’ =A) =1and dy = M — N; +
N;Ay. Plugging the latter into (12c), we obtain
ﬁ < min{Mk,Nk} — M, + Nj — NjAk
N~ Nj
<1-—A.

(114)

(115)

Thus, the last constraint in (94) is shown in all cases. By now,
we have proved the achievability through the existence of a
proper power allocation function such that (96) and (97) are
satisfied for every pair (d;, ds) in the outer bound.

VI. CONVERSE

To obtain the outer bounds, the following ingredients are
essential:

o Genie-aided bounding techniques by providing side infor-

mation of one receiver to the other one [5], [6];
e Extremal inequality to bound the weighted difference of
conditional differential entropies [29], [30];

e Ergodic capacity upper and lower bounds for MIMO

channels with channel uncertainty.

In the following, we first present the proof of outer bound
(6d) for MIMO BC and (12d) for MIMO IC, referred to in
this section as L,4. It should be noticed that both bounds share
the same structure. Then, we give the proof of bound (12f) for
the MIMO IC case, referred to in this section as Lg, when the
condition C holds.



A. Proof of Bound L4

We first provide the outer bounds by employing the genie-
aided techniques for BC and IC, respectively, reaching a similar
formulation of the rate bounds. With the help of extremal
inequalities, the weighted sum rates are further bounded. Finally,
the bounds in terms of (v, ca) are obtained by deriving novel
ergodic capacity bounds for MIMO channels with channel
uncertainty.

To obtain the outer bounds, we adopt a genie-aided upper
bounding technique reminisced in [5], [6], by providing
Receiver 2 the side information of Receiver 1’s message W, as
well as received signal Y}". For notational brevity, we define
a virtual received signal as

_ A | Hi(®)x(t) + 2i(t) for BC
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and we also define X™ 2 {x(t)}i,, X! 2 {x;(t)}~,,
lfik £ {yi(t)}_y, and Y* 2 {g;(t)}i_;. Denote also

w21+ nRP™ where ¢, tends to zero as n — oo by
the assumption that lim,, P m 0.
1) Broadcast Channel: The genie-aided model is a degraded

BC X" — (Y{",Y3") — Y{", and therefore we bound the
achievable rates by applying Fano’s inequality as
n(Rl — €n)
S I(Wl;'}/ln|7_[n77:[7l) (117)
= ZI(Wl;ymtw"ﬂ",w*) (118)
t=1
f(yl(t)lﬂ"ﬂft",Yf‘l,Wo) (119)
< D (Wya ()M () — h(yr (D) (2), H(2))) (120)
t=1
< nNjlog P = h(gi(H)U(t), H(t)) +n-O(1) (121)
t=1
n(R2 — Gn)
< I(Wo Y7, Y5, Wi 1" H™) (122)
(123)

= I(W25},1n7}/2n|W17Hn77:[n)

= I(Wayr(t), w2 () H" 1" Y1 YY1 W) (124)
t=1
< ZI ()|Hn /Hn let 1 Yv2t 1 Wl)
(125)

)|7_[n Hn Yf 1 Yf 1 Wl)

fz(

(126)

- h(yl(t)a y2(t)‘m(t)a an ﬁn’ }/11571’ }fztila Wl))
(127)
<Y Ay (), ([ HH YL YT W) (128)

t=1

SN

t=1

Ou@),

H(t)) (129)

where U(t) = {l?'lt_l,f’zt_l,”r'-[t*l,"r':lt,wl} for BC and

N/ £ min{M, Ni}; (120) is from (116) and because (a)
conditioning reduces differential entropy, and (b) {y1(¢), y2(t)}
are independent of 7, ; and 7:[{‘“, given the past states and
channel outputs; (121) follows the fact that the rate of the point-
to-point M x Ny MIMO channel (i.e., between the transmitter
and Receiver 1) is bounded by min{M, N;}log P + O(1);
(123) is due to the independence between Wi and Wy; (125)
follows date processing inequality; (128) is obtained by noticing
(a) translation does not change differential entropy, (b) Gaussian
noise terms are independent from instant to instant, and are
also independent of the channel matrices and the transmitted
signals, and (c) the differential entropy of Gaussian noise with
normalized variance is non-negative and finite.

2) Interference Channel: Given the message and correspond-
ing channel states, part of the received signal is deterministic
and therefore removable without mutual information loss.
Hence, similarly to the BC case, we formulate a degraded
channel model, i.e., X5 — (Y{",Y3") — Y". By applying
Fano’s inequality, the achievable rate of Receiver 1 and
Receiver 2 can be bounded as

TL(Rl — En)
< I(Wy; Y H™, HY) (130)
= I(Wi, Was Y[R H") = I(Wo; Y{" W1, 1" 1)
(131)
< nNylog P — I(Wo; Y [We, H",H") +n-O(1) (132)
= nNy log P — (Y |Wy, H", H™)
+ h(Y Wy, Wa, H™, H™) +n - O(1) (133)
= nN;log P — h(Y] W1, H", H") +n - O(1) (134)
= nN log P — h(Y*[H"™, H") +n - O(1) (135)
< nN;log P — Z h(g (8)|H™, 1 Y YY)
t=1
+n-0(1) (136)
=nNilog P =Y h(m(OU(t), H(t)) +n-O(1) (137)
t=1
n(Ry — €,)
< I(Was Y, Y5 W H" 1Y) (138)
(Was Y7, Y5 W, H™ H) (139)
= I(Wo; Y, Y ' [ H", H") (140)
= I(Waign(t), ga(OH" 1", Y7L YY) (141
t=1
S Z I(mZ(t)a gl(t)a gZ(t)‘Hn7 ﬁn’ Yflt_l? Yth_l) (142)
t=1
SO UCHORACICERES 7aul 2oy (143)

~
Il
-



- h(gl (t)v ’gg(t)|1}2(t), Hna 7:[”7 f/Flt_17 YQt_l))
(144)
<Y (@i (1), G () HH YT YT (145)
t=1
= A1), G2 (1)U (L), H(E)) (146)
t=1

where we define U(t) £ {Yffl, Vi Hi 7:Lt} for IC and

N, & min{M; + M, N1}; (132) follows the fact that the
mutual information at hand is upper bounded by the rate of
the (M; + Ms) x Ny point-to-point MIMO channel created
by letting the two transmitters cooperate perfectly, given by
min{M; + M, N1}log P + O(1); (134) is due to the fact
that (a) transmitted signal X is a deterministic function of
messages W,;, H", and HP—1 as specified in (8) for ¢t = 1,2,
(b) translation does change differential entropy, and (c) the
differential entropy of Gaussian noise with normalized variance
is non-negative and finite; (135) and (140) are obtained because
translation preserves differential entropy; (136) is because
conditioning reduces differential entropy; (145) is because (a)
translation does not change differential entropy, (b) Gaussian
noise terms are independent from instant to instant, and are
also independent of the channel matrices and the transmitted
signals, and (c) the differential entropy of Gaussian noise
with normalized variance is non-negative and finite; (146) is
obtained due to the independence {y1(t),y2(t)} of Hf,; and
7:[f+1, given the past state and channel outputs.

It is worth noting that BC and IC share the common structure
of the achievable rate bounds, and therefore can be further
bounded in a similar way. To avoid redundancy, we give the

proof for IC, which can be straightforwardly extended to BC.

Define
a |Hio(t) & Hiz(1)
S = [sz(t)} 502 [H22( )] (147)
K(t) £ E{ay(t)zh(t) [U(1)}
Let p = min{Ms, N7 + Ny} and ¢ = min{Ms, N;}. By

following the footsteps in [14], we have

%M@ﬂﬂdh@ﬂuﬁxﬂ&n-—éMﬂﬂﬂMﬂwﬂdﬂ)(m&
<Egy max Eggyse <;logdet(1+S(t)K(t)S“(t))
tr(K)<P

- a1og det(I + le(t)K(t)H;'Q(t))> (149)

min{Mg,Nl + NQ} — mil’l{Mg, Nl}

- logo? + O(1
- IHiIl{MQ,Nl + NQ} 0891 + ( )

(150)

where (149) is obtained by applying extremal inequality [29],
[30] for degraded outputs; the last inequality is obtained from
the following lemma:

Lemma 3. For two random matrices S = S+S € C*M gnd
H=H+He¢ (CNXM with L > N, S, H are respectlvely
independent of S, H, and the entries of H are i.id. Ne(0,02).

Then, given any K = 0 with eigenvalues \1 > -+ > Apy > 0,

we have

Eglogdet(I+ SKS")

1
B min{M, N}
min{M, L} — min{M, N}
- min{M, L}

1
min{M, L}
Eglogdet(I+ HKH")

$)+045(1)+04(1)
(151)

log(o

as o2 goes to 0.

Proof: See Appendix B. [ ]
Remark:

o This lemma can be regarded as the weighted difference
of the ergodic capacity for two MIMO channels with
uncertainty, where S and H are channel uncertainties. It
can also be interpreted as the ergodic capacity difference of
two Ricean MIMO channels with line-of-sight components
S, H, and fading components S, H.

o This lemma also shows the change of the ergodic capacity
per dimension as the dimensionality decreases. In other
words, as the channel dimension decreases, the difference
of the ergodic capacity per dimension is bounded by the
dimension difference and the channel uncertainty.

According to the Markov chain X3 — (Yl", 172") — Y,

we upper-bound the weighted sum rate as

Ry R,
<min{M2,N1} + min{Ms, Ny - Ny} €n> (152)
min{M; + My, N1}
<n-
=" min{ My, N, } log P
n 1 ) )
" t; <miH{Mz7 Nyt oy (0 g2 (DU (), (D))
(153)
1 —
- rrfulﬂ\fz,l\ﬁ}h(yl(t)u(t)ﬂ(t))> +n-0(1)
(154)
min{M; + My, N1}
=" min{ My, Ny} log P +n-0O(1)
min{My, Ny + N} — min{ My, N1}
n min{ My, Ny + No} a1 log P
(155)

and another outer bound can be similarly obtained by exchang-
ing the roles of Receiver 1 and Receiver 2. Accordingly, the
corresponding outer bound L4 of the DoF region is obtained
by the definition.

B. Proof of Bound Lg

This bound is active when C7 holds, i.e., M7 > Na, N1 >
My, and My 4+ My > Ny 4+ Ns. The proof follows the same
lines of thought in [6]. Since N; > M>, we formulate a virtual
received signal

2 Uy (t)
= UHll(t)iﬂl

y1(t)

(t) + UHqa(t)x2(t) + Uzi(t) (156)



where U € CM >N is any unitary matrix such that the
last Ny — My rows of U(t)H2(t) are with all zeros and

is independent of the rest of random variables. Therefore,
— M, outputs in ¢ (¢) are interference free, i.e.,

the last V;

YiMz+1:8,] () ~ Hipag1:8,1 (D)2
convenience, we also define

£ Hyi ()21 (1) + 2(t).

Starting with Fano’s inequality, the achievable rate can be
bounded as

n(R1 — Gn)

(t) +Zl[M2+1:N1] (t) For

Yo(t) (157)

< I(Wy; YV H™, HTY) (158)
= I(Wy; Y 1™ HY) (159)
=1(Wy; f’fﬁ;M?] H", (4 Yf[lMgH:Nl])
+ (W Yy oy R HY) (160)
n(Ms — dg)log P +n-O(1)
+I(W15ﬁ?w12+1:N1]‘Hn77:ln) (161)
n(My —dz)log P +n-O(1)
+I(W1§}}17[1MQ+1:N11J72”|HH77:[”) (162)
= n(M, —dg)logP+n~O( )
+ Z W17y1[1\/12+1 (), g2 () [H™,
t=1
H", Yf[Mlﬁl N ],Yt Y 163)
n(Mz —d2)log P +n-O(1)
+ Zh(@l[M2+1:N1}(t)7172(t)|7'in7
t=1
H™, YtMle Nl],Yt by (164)
=n(My —ds)log P+ n-O(1)
+ 3 W1y (), G2 (OIU (), H(E))
t=1
(165)
n(Ry — €,)
< I(Wa; Y3 [H™, H™) (166)
= I(Wy, Was Y5 [H" 1) — T(Wh; Y3' [ Wa, H™ HT)
(167)
< nNylog P — I(Wy; Y3" | H™, H") + n- O(1) (168)
< nNylog P — h(YJ*|H™, H™)
+ h(Y3 Wy, H, H™) +n - O(1) (169)
= nNylog P — h(Y"|H",7%") +n-0(1) (170)
< nNglogP—i-n-O( )
- Zh OIH"H Y vy Y ) (7D
=nNzlog P =Y h(ga(t)[U(1), H(t)) +n-O(1) (172)

t=1

where U(t) £ {H'™ LY ) 41y, Y5 ') and ¥ 2
{g:(t)}r_, i = 1,2; (159) holds due to the fact that unitary

transformation does not change the mutual information; (161)
comes from Lemma 6 in [6], given by
TV Yy H" 1 Y g 418y

<n(Ms—ds)logP+n-0(1) (173)

where a similar proof can be straightforwardly obtained; (164)
holds because (a) Yi[as,+1:n,](f) and g2 (t) are deterministic
functions of Wy, H™ and H™, (b) translation does not change
differential entropy, and (c) the differential entropy of Gaussian
noise with normalized variance is non-negative and finite;
(168) follows that the mutual information at hand is upper
bounded by the capacity of an (M; + M) X N3 point-to-
point MIMO channel, i.e., Ny log P+ O(1) since My + My >
Ny from the condition Cy; (170) holds because yo(t) is a
deterministic function of W7, given channel states, and the
differential entropy of the normalized Gaussian noise is finite;
(171) is due to conditioning reduces the differential entropy;
(165) and the last equality are due to that the received signals
at instant ¢ are independent of H, ; and 7:[?+1, given the past
states and channel outputs.
Next, we define

Hj (1)

Similarly to the proof for bound L4, we obtain the weighted
difference of two differential entropies by applying the extremal
inequality and Lemma 3

1

S(t) 2 |:H1[M2+1:N1]1(t):| € CNi+N2=M2)x My (174

];h(gl[ZMTH:Nﬂ (), g2 () A (1), H(t))—éh(gz(t)\u (t), H(t))
—Wf_@% logas +0(1) (175)

where we set p = min{Ml,Nl + No —Mg} = N1+ Ny — M,
and q = mil’l{Ml,Ng} = NQ.
Finally, we have

R, R
<N1 + Ny — My +N2_6n> (176)
My — do
1+ ——————)logP
_n( N1+N2—M2> o8
n 1 _ _

+ ; (Mh(yl[l\/ngrl:Nl](t)a a2 (t)[U(L), H (L))
(177)

- J@h@xtnuamu») Ln0(1) (78)

My — do
< 1+ —"—— = )logP
_n( +N1+N2M2> og

Ny — M,
n——-———="aslogP +n-0(1 179
N1—|—N2—M22g (1) (179
which leads to
Ny + 2Ny — M.
dy + %dz < N1+ No+ (N1 — Ms)as

2

(180)

By exchanging the roles of Receiver 1 and Receiver 2, the
outer bound (12g) can be obtained straightforwardly when the
condition C5 holds.



VII. CONCLUSION

In this work, we focus on the two-user MIMO broadcast
and interference channels where the transmitter(s) has/have
access to both delayed CSIT and an estimate of current CSIT.
Specifically, the DoF region of MIMO networks (BC/IC) in
this setting with general antenna configuration and general
current CSIT qualities has been fully characterized, thanks
to a simple yet unified framework employing interference
quantization, block-Markov encoding and backward decoding
techniques. Our DoF regions generalize a number of existing
results under more specific CSIT settings, such as delayed
CSIT [5], [6], perfect CSIT [1], [2], partial/hybrid/mixed
CSIT [24]-[26]. The results further shed light on the benefits
of the temporally correlated channel, when such correlation
can be opportunistically taken into account for system designs.

APPENDIX
A. Achievable rate regions for the related MAC channels

1) Broadcast Channels: Let us focus on Receiver k, k #
j € {1,2}, without loss of generality. The channel in (45) is a
MAC, rewritten as

Yr[b] — Mo H;, H;,

= X, + X+ Z 181

[ s 0 et g, | Kt O (131)
Y S1 Sa

where X, 2 x.(l,_1) and X} = uy(wyy) are independent,

with rate R. and Ry, respectively; Zj is the AWGN. It is

well known [28] that a rate pair (R, Ry) is achievable in the
channel if

Rk S I(Xk;yk |XC,S) (183)
R.+ Ry < I(X¢, Xi; Vi | S) (184)

for any input distribution px.x, = px.px,; S = {Si, S}
denotes the state of the channel. Let X, ~ N¢ (0,Q.) and

Xj, ~ Nc(0,Qy) with Q. 2 PIy, and Q) 2 P4, +
PAHI) . It readily follows that? ’
I(XC; Yi | Xi) = logdet(I+ PS;SY)
= Nilog P+ O(1) (185)
I(Xy; Yi | Xe) = log det(I + S2QxS3)
= ((M — N;)A}, + N;Ay)log P+ O(1)

(186)

since Sy € C(N1H+N2)XM hag rank M almost surely, given the
assumption N7 + N2 > M. For the sum rate constraint, we
have

I(Xe, Xi; Yr)
= h(Yy) — h(Zk) (187)
=h(H; X, + Zy2) + O(1)
+ h(Hg(Xe + Xi) + Za |Hij-—|-Zk2) (188)

2Hereafter, we omit for notational brevity the expectation on the channel
states .S, whenever possible, which does not change the high SNR behavior
in this case. We consider any realization S; and S2 instead.

> hWH; Xy + Zy2) + O(1)
+ h(Hp(Xe+ Xi) + Zi1 | Hj X + Zia, Xi)

(189)
= h(Hij-l-ZkQ)-l-h(HkXc—‘erl) +O(1) (190)
= N;jAlog P+ Nilog P+ O(1) (191)

where we define Z;; and Zjo the first and second parts of
the noise vector Zj; the second equality is from the chain
rule and the fact that the Gaussian noise Z; is normalized;
(189) is due to conditioning reduces differential entropy; (190)
is from the independence between X. and X and between
the noises and the rest; the first term in (191) is essentially
the differential entropy of the interference 7;,. By relating
the rate pair (R, R) to the DoF pair (d,), dip), (46)-(48) is
straightforward.

2) Interference Channels: In (78), each receiver sees a MAC
with three independent messages. Let us focus on Receiver k,
k # 7 € {1,2}, without loss of generality. The channel in (78)
is rewritten as

Yrlbl — o | | Hpk Hyj| Hyy,
[ b ]_{0 Kie g 7| Kie T |, | A6 20

Yk Skl Sk2 Sk3
(192)

where Xkc e (Ekc(lk’bfl), ch S :ch(lj,bfl)’ and Xk £
up(wrp), k # j € {1,2}, are three independent signals, with
rate Ry., Rj., and Ry, respectively; Zj, is the AWGN. It is
well known [28] that a rate triple (Ry., Rj., Ry) is achievable
in the channel if

Rie < I(Xke; Yi | Xje, Xi) (193)

Rje < I(Xje; Vi | Xper Xi) (194)

Ry < I(Xp; Y | Xie, Xje) (195)

Ric+ Rjec < I(Xpe,Xje; Vi |Xk) (196)

Rye + Ry, < I(Xpe, Xi; Vi | Xjie) (197)
Rjc+ Ry < I(Xje, Xi; Y | Xe) (198)
Ric+ Rjc + R < I(Xje, Xje, Xi; Ya) (199)

for any px,.x;.x, = PX..PX,;.Px,, where we omit the
conditioning on the channel states S as in the BC case for
brevity. Let Xpe ~ Ncc (0, Q) and X, ~ Nc (0, Qk) with

QkCéPIMk and Qk PA’“D +P k‘I)HL1 +p4 k‘I)HJ_z.
It is readily shown that
I(Xkc; Yk | Xja Xk) = 10g det(I + PS}ﬂSZl)

= min { My, N }log P+ O(1) (200)

I(Xje; Vi | Xge, Xi) = log det(I+ PSk2S})
M;,Ni}log P+ 0O(1) (201)
= log det(I + Sk3QkShs)
= (N} A + (My, — N — &) A,

+ &AL log P+ O(1) (202)
= logdet(I + PSj15); + PSk2S}s)
= Nilog P+ O(1) (203)

= min {
I( X3 Vi | Xioer Xje)

I(Xje, Xie; Vi | Xi)

since Sj3 € CWV1+N2)xMy hag rank M), almost surely, given
the assumption N7 + No > M;,. Following the same steps as
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Fig. 2: Visualization of the interplay between X, and Xj,.

(187)-(191), we can obtain
I(Xkca Xk; Yk | ch)
> NjAylog P+ min{ My, Ni.}log P + O(1). (204)
It remains to bound the RHS of (198) and (199). First, using
the chain rule, we have
I(XjCa Xk; Yk | Xkc)

=1(Xk; Vi | Xie) + I(Xje; Vi | Xk, Xioe)  (205)

where the scaling of the second term is already shown in (201).

The first term can be interpreted as the rate of X, by treating
X as noise in a two-user MAC with a channel matrix in the
block upper triangular form [H’w' I:II;: 1 As shown in Fig. 2,
since Hy;, Hyy, and Hj;, are mutually independent, there
exists an invertible row transformation 7' that can convert the
(N1 + N3) x (M7 4+ M) matrix to the form on the right, almost
surely. The interference created by X is through the matrix
Hj,;, only affecting the overlapping part between X and X,
as shown in Fig. 2. Note that the dimension of the overlapping
is (M, — N;)* — (N, — M;)™)* that coincides with the
definition of & in (91). From Fig. 2, the interference-free
received signal for X, is Y}, = {g’;:} X, + Z,. Thus,

I(Xk:; Vi | Xe) > T(Xy; Vi) (206)

— logdet (I + [f,k} Qx [EJ) Lo Qo7

C:'Lk G PA;CIMk—Né—ﬁk
> logdet [ I+ . i, PARL,,,
j

(& f:m]“) +0(1) (208)

Hj, Hyy,
= ((Mk — NJI — fk)A;q + N;Ak) log P + O(l) (209)

where the O(1) term in (207) is from the fact that the
covariance of the noise Zj, depends on T' that does not
scale with P; Gy, and Hj;, remain independent. Next, let
Qi = Uy diag(P4¥Te,, PA¥Iyy, no ¢, , PA<TN ) Ul be
the eigenvalue decomposition of Q and define the column
partitions |Gy, G} Gin] & GrwUjy and [HY, H, Hjp =
H;.U;; where the number of columns of the submatrices
is &k, My — Nj — &g, and N7, respectively; inequality (208)
is from the fact that removing one column block and the
corresponding diagonal block of size & can only reduce the
log-determinant; the last equality is from the fact that the
square matrix [Cf;j"“ G

H, Hj,

] has full rank, almost surely, for
the following reasons: 1) the matrices G' and H are mutually

independent since the column transform Uy, is unitary and
independent of the G matrices; 2) the rows related to the
matrices H are linearly independent, since it can be proved
that rank(H;,) = rank(ij{)ﬁij;k) = min {My, N,},
ie., H sk has full rank; 3) the rows related to the matrices G
are linearly independent as well. Plugging (209) and (201) into
(205), we have

I(Xje, Xi; Yie | Xe)
> (Nj, 4+ (Mg — Nj — &) A}, + NjAg) log P+ O(1).
(210)

Finally, for the sum rate constraint (199), we follow the same
steps as (187)-(191), we can obtain

I(Xpe, Xjes Xio; Yi)
> NjAyplog P+ min{ M, + M;, Ny} log P + O(1)
@11)

= (Np + NjAg)log P+ O(1) (212)

By relating the rate pair (Rge, Rjc, Ri) to the DoF pair
(diy s dny s dip), (79)-(84) are straightforward.

B. Proof of Lemma 3

In order to prove Lemma 3, we provide the following
preliminary results stated as Lemma 4-7.

Let A e CV*M N < M, be a full rank matrix and A’ €
CNxM ', M’ < M, be a submatrix of A. We have the following
lemmas that will be repeatedly used in the rest of the proof.

Lemma 4 (rank of submatrix).

rank(A’) > rank(A) — (M — M’). (213)

Lemma 5. Let 71, ...,Zy be a cyclic sliding window of size
N on the set of indices {1,...,M}, i.e.,

Iy = {(k+i)m+1:i€[0,N—1]}, M

k=1,...,M.

(214)
If the columns of A are arranged such that rank(Az, ) = N
for some k € [1, M), then

M

Z rank(Az, ) > N?
k=1

(215)

where Az, is the matrix composed of N columns of A defined
by Ik, i.e., 1411c é [Aj,i]je[l,N],ieIk-

Proof: The sketch of the proofs for the above lemma
is illustrated in Fig. 3a. Given that there exists k£ such that
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(b) An example for Lemma 6

Fig. 3: Ilustrations of the worst-case ranks of the submatrices from a sliding window. For each k, the number of vertical dots
represents the rank of the submatrix Az, . In particular, the number of red (resp. blue) dots is the rank of the submatrix
selected by the red (resp. blue) window. The sum of the ranks can be found by counting the number of dots.

the submatrix selected by the window is full rank N (the
blue window in Fig.3a), the rank of the submatrix selected
by the window Zj1 or Zy_; (the red window in Fig.3b) is
lower bounded by N — 1. By applying the same argument,
it is readily shown that the rank of the submatrix selected
by the window Zjo or Zj_o is lower bounded by N — 2.
This lower bound keeps decreasing when the window slides
away from the blue one, until it hits another lower bound
N —(M—N) =2N — M given by Lemma 4. The submatrices
within the sliding windows are of rank 2N — M, which lasts
M—-—1—-2(M—N)=2N — M — 1 times. With the help
of Fig.3a, a lower bound on the sum of the ranks of all the
submatrices visited by the sliding window, can be obtained by
counting the dots in the figure, i.e.,

M—N
N+2 > (N-i)+ (2N —M)@2N-M+1) =N
i=1

(216)

In fact, this can be found easily by “completing the triangle”,
the number of dots in which is N2, [

Lemma 6. A’ € CNXM'| N < M’ < M, is a submatrix of
A. We define 11, ..., I}, as a cyclic sliding window of size
N on the set of indices {1,...,M'}, ie.,

T2 {(k+i)w +1:i€[0,N-1]}, k=1,...,M’

217)

If the columns of A’ are arranged such that the first rank(A’)
columns of AII;Q are linear independent for some k € [1, M],
then we have

M/

> rank(A7) > N(N — (M — M’))

k=1

(218)

where A, is the submatrix of A’ with N columns defined by
k

/A /A /
1, ie., AIL = [Aj,i]je[l,N],iEI,’c-

Proof: The sketch of the proofs for the above lemma is
illustrated in Fig.3b. Given that there exists k such that the
submatrix selected by the window has rank r = N — (M — M)
given by Lemma 4 and that the first  columns are linearly
independent (the blue window in Fig.3b), the rank of the
submatrix selected by the windows Z;,_, ... ,I,’c_( N—r) (the
red and brown windows in Fig.3b) is lower bounded by r — 1.
This lower bound keeps decreasing when the window slides
go away from these positions, until it hits another lower bound
N — (M — N)=2N — M given by Lemma 4. With the help
of Fig.3b, a lower bound on the sum of the ranks of all the
submatrices visited by the sliding window, can be obtained
by counting the dots in the Figure. In fact, after some basic
computations, it turns out that there are N(N — (M — M"))
dots. [ ]

Lemma 7. Given H = H+ H cCV*M N < M, with the
entries of H being i.i.d. N¢ (0,02), o >0, then

E ;5 log det(HH") > (N — rank(H))log o + O 4 (1)
(219)

as o goes to 0.

Proof: According to [31,~Lemma 1], for any G = G‘—i—é €
CN*N with the entries in G i.i.d. N (0,1) independent of
G, we have

Eglogdet(GG™) > "log(A:(GG")) + O(1)  (220)
=1

where 7 < rank(G) is the number of eigenvalues of G that
are larger than 1. From here, it follows that

rank(G)
Eglogdet(GG") > > log(1+ A\(GG)) + 0O(1)
=1
(221)

since the remaining rank(G) — 7 eigenvalues are smaller than
1 and do not contribute more than O(1) to the expectation.



Therefore, for any ¢ > 0, we can apply the above inequality
to c~'H and have

Eglogdet((c ™ H) (o " H)")

rank (H)
> Y log(Mi(cT2HH") 4+ O(1) (222)
i=1
rank(H)
= —rank(H)logo® + > log(\i(HH")) + O(1)
i=1
(223)
= —rank(H)logo? + Oy (1) (224)
where the last equality is from Assumption 1 that

Eg(logdet(fII:I“)) > —00. [ |

In the following, we prove Lemma 3 case by case according
to the value of M?3. First, let us recall that N < L. Since
the case with M < N is trivial, we focus on the cases with
N<M<Land M > L.

1) Case A: N < M < L: Let us define M’ as the number
of eigenvalues of K that are not smaller than 14, and let
K = VAV™ be the eigenvalue decomposition of K. We first
establish the following upper bound:

det(I + SKS") = det(I+AV"S"SV") (225)
< det(T+ Apax (VHS"SV)A)  (226)
< det(I+[|S[FA) (227)

where the last inequality is due to Apax(V"S"SV) <
|SV||2 = ||S||2. Therefore, we have

Eglogdet(I+ SKS") < logdet(I+ Eg(||S|F)A) (228)

< logdet(I+Eg(||S[7)A") + O5(1)

(229)

where the first inequality is from (227) on which we apply
Jensen’s inequality; A’ is a diagonal matrix composed of the
M’ largest eigenvalues of K.

Next, let ® £ HV, & £ HV. Without loss of generality,
we assume that the columns of ® and ®’ are arranged such
that the conditions in Lemma 5 and Lemma 6 are satisfied (i.e.,
rank(®7) = N, where 7 is the cyclic window with size N, and
@ is defined as in Lemma 5), respectively. This also implies
that the eigenvalues in A and A’ are arranged accordingly. In
the following, given different values of M’, we prove that

E g logdet(I+ HKH")

N N(M — N)
> i log det(A) + — loga® +O0pz(1). (230)
Case M' = M: In this case, we have
det(I+ HKH") = det(I + PAD") (231)
= ) det(Ar)det(®7®1) (232)
IC{1,..,N}

3The technique employed in this proof was first developed in our earlier
version of this paper [16], and later applied and extended to tackle the K -user
MISO case in [17], [31].

4Or any constant ¢ > 0 that is independent of any parameter in the system.
Note that M’ can depend on S and the SNR P.

M

>3 det(®@, @7, )det(Az,)
k=1

where (232) is an application of the identity det(I + A) =
Yrcq...andet(Azz) for any A € CM*M [32]; the lower
bound is obtained by only considering a sliding window of
size N for all the possible sub-determinant. Thus,

log det(I + HKH")

(233)

M
> log (Z det(®% &7, )det(Az, )) (234)
k=1
1 M
> log (M > det(ngQIk)det(Azk)> (235)
k=1
1 M
> 47 log <H det(égktbzk)det(Azk)> (236)
k=1

M
1
=3 (N log det(A) + Z log det(@%k'ibzk)> (237)
k=1
where (236) holds since arithmetic mean is not smaller than
geometric mean; the last equality is from the sliding window
property chuzl det(Az,) = det(A)". Finally, we have

E g logdet(I+ HKH")

Y

M
1 H
i (N log det(A) + kg_l Eg log det(q)Ik‘I)Ik)> (238)

> ﬁ (N log det(A) + log o2 - (N — rank(ézk))>
T 0,0 e
_ 1 (N log det(A) + log o2 (MN - irank(‘f’zk)>>
M k=1
+04,(1)  (240)
> % (logdet(A') + (M — N)logo?) + O4(1)  (241)

where ® £ HV and hence rank(®) = rank(H); (239) is
from Lemma 7; the last inequality is from Lemma 5 and that
A=Nas M=M.
Case M > M’ > N: For this case, we can first get
det(I+ HKH") = det(I + PAD")
> det(I+ ®'A'(®)").

(242)
Following the same footsteps as in (238)-(240), we obtain
E g logdet(I+ HKH")

M’

2 15 Nlogdet(A') +logo? | M'N — Zrank(élz;)
k=1
+04(1) (243)
> % (logdet(A) + (M — N)logo?) + Oy (1) (244)
> % log det(A’) + W loga® + Op(1) (245)

where the inequality (244) is from Lemma 6.



Case M' < N: From (242) and given that M’ < N, we
have

E g logdet(I+ HKH")
> log det(A’) + log o (M’ — rank(é/)) +O0pz(1) (246)
> logdet(A') +logo® (M' — (N — (M — M"))) + Op(1)

(247)

=logdet(A') + (M — N)logo® + Op(1) (248)
N L ONM-N)

> i log det(A") + 7 logo® +O0pz(1)  (249)

a/

where (247) is from logo? < 0 and rank(® ) > N — (M —
M').
By now, (230) has been proved in all configurations of
(M, N, M’"). Combining (229) and (230), we have
N Eglogdet(I+ SKS") — M E g logdet(I + HKH")
< —N(M — N)loga® + O4(1) + Op(1)
+ N logdet(Eg(||S[Z) I+ (A)™)
< —N(M — N)logo® + O4(1) + Oy(1)

(250)
(251)

where the last inequality is from the fact that A’ = I
by construction and hence logdet(Eg(||S|IZ) I+ (A)7!) <
M'log(1+Eg(||S[|#)) = Og(1). This completes the proof of
(151) for the case N < M < L.

2) Case B: M > L: For the first term in (151), we bound
it as follows

Eglogdet(I+ SKS")

= Eglogdet(I+ UsEsVEKVsEsUL)  (252)

=Eglogdet(I+ X5 VIK V) (253)

< Eglogdet(I+ Apax(E5)VEK V) (254)
L

= Eglog(l + Amax(SSN(VEK Vs)) (255
=1
L

<) Eglog(l+ Amax(SS")A;) (256)
=1
L

<) Eglog(1+ [S[E:) (257)
=1
L

<Y log(1+Eg(|IS2) M) (258)
1=1

= logdet(I+ Eg(||S||F)A") (259)

= logdet(I+Eg(||S||F)A”) + O4(1) (260)

where in (252), § = UgXgV{ with Xg € CN*N and
Vg € CM*L; (253) comes from the equality det(I + AB) =
det(I+BA); (256) is due to Poincare Separation Theorem [32]
that \;(V§KVs) < N(K) for ¢ = 1,---,N; (257) is
from the fact that Ayax(SS") < ||S||3; (258) is obtained
by applying Jensen’s inequality; A” £ diag(\;,---,Az) and
A" £ diag(A1, -+, Amin{r,m}) With M’ being the number
of eigenvalues that are not smaller than 1, i.e., A" = L.

For the second term in (151), we use the following lower
bound

20

Eg logdet(I+ HKH")
= Eg logdet(I+ ®AD") (261)
> B log det(I + &' A" &™) (262)
N N(L—-N
> T log det(A"") + % log(0?) + Oz (1)

(263)

where ® 2 HV € CNV*M with V being the unitary matrix
containing the eigenvectors of K, i.e., K = VAV" with A =
diag(Ai, -+, Ax); in (262), @ = HV' € CV*L with V'
being the first L columns of V', and multiplying by the matrix
V' does not change the distribution property, and ®A®" >
®'A"®"; the last inequality is obtained from (230) in the
previous subsection.

Finally, it is readily shown that, following the same steps as
in (250) and (251),

1 1
ZES logdet(I+ SKS") — ﬁEFI logdet(I+ HKH")

L—-—N
< —

log(0®) + Og(1) + Oz (1).  (264)

This completes the proof of (151) for the case M > L.
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