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Abstract—In this paper, we propose a novel joint caching
and massive multiple-input multiple-output (MIMO) transmission
scheme, referred to as cache-aided massive MIMO, for advanced
downlink cellular communications. In addition to reaping the
conventional advantages of caching and massive MIMO, the
proposed scheme also exploits the side information provided by
cached files for interference cancellation at the receivers. This
interference cancellation increases the degrees of freedom available
for precoding design. In addition, the power freed by the cache-
enabled offloading can benefit the transmissions to the users
requesting non-cached files. The resulting performance gains are
not possible if caching and massive MIMO are designed separately.
We analyze the performance of cache-aided massive MIMO for
cache-dependent maximum-ratio transmission (MRT), zero-forcing
(ZF) precoding, and regularized zero-forcing (RZF) precoding.
Lower bounds on the ergodic achievable rates are derived in closed
form for MRT and ZF precoding. The ergodic achievable rate
of RZF precoding is obtained for the case when the numbers
of transmit antennas and users are large but their ratio is
fixed. Compared to conventional massive MIMO, the proposed
cache-aided massive MIMO scheme achieves a significantly higher
ergodic rate especially when the number of users approaches the
number of transmit antennas.

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) is a key
technology to improve the spectral efficiency of cellular com-
munications and thus, to support the explosive growth of cellular
traffic [, [2]. By employing a large number of antennas at the
base station (BS), massive MIMO offers abundant spatial de-
grees of freedom and facilitates large multiplexing and diversity
gains.

For a single-cell massive MIMO system, where the BS is
equipped with M antennas and communicates with K single-
antenna users, performance has been shown to depend crit-
ically on the number of BS antennas per user, denoted as
po 2 M/K [3]. For example, when both M and K grow
without bound while py is finite, the authors of [4] show
that the effective signal-to-interference-plus-noise ratio (SINR)
grows linearly with pg. In [3]], the authors show that simple
linear precoders and detectors are asymptotically optimal, i.e.,
capacity-achieving, in the large system limit where M grows
unbounded while K is fixed, i.e., pg becomes very large. Since
the publication of [4] and [5]], massive MIMO has been typically
studied for low-complexity linear precoding [6]], which performs
well for large po. However, due to emerging applications, related
to e.g. smart phones, tablets, and Internet-of-Things devices,
in future wireless systems, the number of users may grow
significantly, even beyond the number of BS antennas [7]]. In
this case, conventional linear precoding based massive MIMO
suffers from a significant performance loss due to the resulting
small pg. Hence, improving the performance of massive MIMO

systems when pg is small is important for future applications
but has not been sufficiently addressed in the literature [].

In this paper, we show that wireless caching at the user side
provides an opportunity for enhancing the capacity of massive
MIMO, especially for small py. With the wide-spread use of
smart phones and tablets, cache memory is often available at
the users. By pre-storing the most popular files in the users’
caches during periods of low network traffic, fast access to
these files is enabled without requiring over-the-air delivery
[O]. However, as the actual users’ requests are not known
during cache placement, the cached files may not be requested
by the users later on, which severely limits the performance
gains of user-side caching. To mitigate this problem, two
approaches, which exploit additional performance gains en-
abled by caching, have been proposed in the literature [10],
[11]]. One approach, referred to as cache-aided non-orthogonal
multiple access (NOMA) [10], exploits a user’s cached but
non-requested files for canceling NOMA interference. By joint
optimization of cache-enabled interference cancellation and
successive interference cancellation, cache-aided NOMA can
significantly improve the users’ achievable rates [10]. However,
when the number of users is large, the optimization of cache-
aided NOMA becomes intractable. An alternative approach
employs coded caching [11]]. By carefully encoding the cached
and delivered files, simultaneous multicast to multiple users
is enabled such that each user can decode its requested file
without suffering from multiuser interference [11]. However,
for coded caching, forming multicast groups and decoding
impose a large computational burden on both the BS and the
users [11]]. Synergies between caching and massive MIMO are
explored in [12], where several communication schemes are
proposed and analyzed. One of the schemes in combines
coded caching with massive MIMO for improved multicast
transmission over fading channels, whereas another scheme
leverages the spatial multiplexing capability of massive MIMO
to simultaneously transmit the requested files to all the users.
Finally, a combination of the two schemes is also analyzed in

In this paper, we propose several novel cache-aided precoding
schemes for massive MIMO, which are collectively referred
to as cache-aided massive MIMO. Assume that each user is
equipped with a cache memory and the BS is equipped with
a large number of antennas. If the files cached at one user are
requested by the user itself, caching offloads the transmission
to the user and, by cache-aided massive MIMO, more transmit
power can be allocated to the other users. On the other hand,
if the files cached at a user are not requested by the user itself
but are requested by other users, these files can be exploited
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for interference cancellation at the user, avoiding the need for
interference suppression via precoding at the BS. Consequently,
cache-aided massive MIMO introduces additional degrees of
freedom for the transmission of the remaining files which
leads to improved performance. Appealingly, owing to the large
antenna array at the BS, the performance gains enabled by
caching are achievable via properly redesigned linear precoders.
Hence, cache-aided massive MIMO avoids the encoding and
decoding overhead incurred by coded caching [11] and cache-
aided NOMA [9], and is computationally efficient. The main
contributions of this paper are as follows:

o We propose a novel cache-aided massive MIMO scheme,
which not only facilitates offloading and interference can-
cellation at the users, but also enhances the precoding at
the BS.

o To reap these cache-enabled benefits, low-complexity
linear precoders based on maximum-ratio transmission
(MRT), zero-forcing (ZF), and regularized zero-forcing
(RZF) precoding are proposed. Different from conventional
linear precoding which only requires channel state infor-
mation (CSI) at the BS, the proposed linear precoders
depend on both the CSI and the cache status. We analyze
the performance of cache-aided massive MIMO for each
considered linear precoding scheme. Lower bounds on
the ergodic achievable rates of MRT and ZF precoding
are derived in closed form. Additionally, we analyze the
asymptotic performance of RZF precoding based on ran-
dom matrix theory.

o Simulation results show that, compared to conventional
massive MIMO, the proposed cache-aided massive MIMO
scheme achieves a significantly higher ergodic rate, espe-
cially when pg is small.

We note that for notational convenience, we only consider

a simple caching policy where each user caches entire files.
However, the proposed precoding techniques are applicable to
more general caching policies and may achieve even higher
throughputs if each user caches portions of each file as in ,
[12]. Due to the limited page space, the design of throughput-
optimal caching policies for the proposed cache-aided massive
MIMO scheme and the corresponding performance analysis are
deferred to future work.

The remainder of the paper is organized as follows. In Section
II, the system model and the proposed cache-aided massive
MIMO scheme are presented. We analyze the achievable rates
of the proposed scheme for different linear precoders in Section
III. The performance of cache-aided massive MIMO is evaluated
in Section IV, and finally, Section V concludes the paper.

Notations: In this paper, we use boldface capital and lower
case letters to denote matrices and vectors, respectively. AH
and AT represent the complex conjugate transpose and the
transpose of matrix A, respectively; A~! is the inverse of
square matrix A; Pr(-) and £{-} are the probability and the
expectation operators, respectively; $(-) and () represent the
real and imaginary parts of a complex number, respectively.
|| - || and | - | are the Euclidean norm of a vector and the
absolute value of a scalar, respectively. C¥ is the k-out-of-n
binomial coefficient. A — B indicates that A converges to B in
the limit. CN/ (O, 02) denotes the complex Gaussian distribution
with zero mean and variance o2, and finally, CV~* "t is the set
of complex-valued N,, x N; matrices.
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Fig. 1. Delivery model for cache-aided massive MIMO system, where each
user obtains the requested file from its cache or the BS, depending on its cache
status.

II. CACHE-AIDED MASSIVE MIMO

In this section, the system model, the interference cancella-
tion mechanism, and the ergodic achievable rate of the proposed
cache-aided massive MIMO scheme are presented.

A. System Model

As shown in Fig. [l we consider a single-cell downlink
system with an M-antenna BS and K single-antenna users. The
BS stores a library of L; popular files, where each file has a
size of F' MBytes. Each user is equipped with a cache memory
of size L, F' MBytes, where L, < Ly, i.e., the cache capacity
of each user is insufficient to store the whole library and only
a portion of the files can be cached.

The system operates in two phases: a placement phase and
a delivery phase. In the placement phase, all the users place
L,, arbitrary files from the library into their own cache prior to
the time of request. This phase may happen during the early
mornings when cellular traffic is low. In the delivery phase,
each user may request one of the L; files. Let ¢;; = 0
if the file requested by user k& has been cached at user [
and c¢,; = 1 otherwise. Using this notation, the number of
actlve transmission users in the proposed system is given by

Zk 1 Ck,k- If user k has cached the file it requests, i.e.,
Ck,k = 0, it is fetched from its cache instantly. In this case, user
k is considered inactive as it requires no cellular transmission.
Otherwise, if ¢y = 1, the requested file has to be transmitted
by the BS, and user k£ is considered to be active.

B. Cache-Enabled Interference Cancellation

In this paper, we assume that the cache status is given and
we focus on exploiting the cached data to improve the delivery
to all the users. Assume that the file requested by user £ is not
cached at user k, i.e., c; x=1and the BS has to transmit the file.
Then, the received signal at user k, denoted by yy, is given by

yr = hywisy, + ch,lhgwlsl + Uk, (1)
1#k

where 5k is the transmit symbol intended for user k with
E{|sk]’} = Ep. wip € CM*1 is the precoding vector of
user k and vy is the additive white Gaussian noise following
distribution CA (0,02). hy, = [hy1, heo, -+ s hya] € CMX1
is the channel vector from the BS to user k. In this paper,
channel coefficient Ay, ,, is modeled as

hk,m = Gk,m Bka (2)



where gy, ,, is the fading coefficient from the mth BS antenna
to user k and follows distribution CN'(0,1). B models the
pathloss and shadowing effects and remains constant over a
large number of coherence time intervals. We assume that the
total transmit power at the BS is Ej. To satisfy the total transmit
power constraint, we let ZkK:le,kEk =FEy and ||w|>=1, Vk.

If ¢;; = 0O, user [ is inactive and hence, it is offloaded for
transmission in (I)). On the other hand, if ¢ =1and ¢ =0,
i.e., the file requested by active user [ is not cached at user [
but is cached at user k, this cached file can still be exploited
for interference cancellation [10]. In particular, by re-encoding
this cached file and subtracting the corresponding signal from
Yk, the interference caused by user [ to user & can be removed]
at user k. Consequently, by caching at the user side, user [
with ¢;; = 1 causes interference only to users k with ¢, = 1,
I # k. Let Uy, = {l|cy=1,c1=1,1# k} be the set of
users interfering with user k. The cardinality of Uy, is denoted
by Ny. The residual received signal of user % after interference
cancellation, denoted by y,ICC, is given by

i = hilwys, + Z hilw,s; + vy, 3)
leUy
C. Ergodic Achievable Rate
Based on (3)), the SINR of user k is given by
’hgwk‘z Ek

> }hngf E 402
leUy

SINR;, = “)

Assume that the file delivery for each active user spans a large
number of coherence time intervals. Then, with the proposed
cache-aided massive MIMO, the ergodic achievable rate of user

k is
Ry =¢& {10g2 (1 + SINRk)}
’hgwkﬁ Ek

Z ‘hgwlﬁ E; + o2
leUy

=& 1+

log, (5)

Since f(z) = logy(1 + 1) is a convex function, by employing
Jensen’s inequality, a lower bound on the ergodic achievable
rate R}, is obtained as
—1
Z |h1,jwl‘2El+02
leUy

‘thk‘QEk

Ry>Rp2logy |1+ € . (6)

III. CACHE-AIDED LINEAR PRECODER DESIGN

In this section, we investigate advanced precoder designs at
the BS exploiting user-side caching for enhanced performance.
We consider linear precoding techniques, namely MRT, ZF, and
RZF, which are preferred in practical massive MIMO systems
as they attain high performance with affordable computational
complexity. We analyze the ergodic achievable rates for MRT
and ZF precoding and derive corresponding lower bounds in

'For suppressing the interference caused by user [ at user k, the re-encoded
signal s; is scaled by hIk{wl before being subtracted from the received signal.
Here, hgwl can be estimated locally at user k requiring no knowledge about
the requests and cache status of the other users.

Sections III-A and III-B, respectively. In Section III-C, we
analyze the achievable rate for RZF precoding in the asymptotic
regime, where M, K — oo but pg is fixed. We assume that
the CSI, hy, is perfectly known at both the receivers and the
transmitter. Here, we consider M > K, while the proposed
scheme is also applicable for M < K.

A. Maximum-Ratio Transmission

MRT precoding ensures that the signals transmitted by the
BS over different antennas add up constructively at the intended
user, and hence, maximizes the received signal power. However,
when po is small, MRT suffers from severe multiuser inter-
ference. In this case, cache-aided interference cancellation and
offloading can improve the performance of MRT. With MRT
and perfect CSI, the precoding vector of user k is

h

MRT k

w = . 7
* [ |

By substituting (7) into (@), the ergodic achievable rate of user
k with MRT precoding is

||| By
|[bih,|”
EE

RMET — £ og, | 1+

®)

Z B+ o2

LeUy

Proposition 1. With MRT precoding in (Z) and perfect CSI,
the ergodic achievable rate of user %k is lower bounded as

~ M —1)Ey
RMRT & pMRT _ 1, 1+ Bk(— 9
P (X 82 S BrEi+ 07 ©
leUy
Proof: Please refer to Appendix [Al _ [ ]
In Proposition [} fading is averaged out in R%RT. Moreover,

as the desired and the interfering signals experience the same
downlink channel, the lower bound on the ergodic achievable
rate of a user depends only on the pathloss and shadowing of its
own channel. The sum ergodic achievable rate of all users can be
improved by optimizing the power allocation given the pathloss
and shadowing of the different users. However, to illustrate
the performance gains enabled by caching, we simply assume
uniform transmit power allocation for all active users, where
E) = Ey/K. Consequently, the lower bound in (9) simplifies

to
Bre(M —1)Ey >
ﬂkaEo + FUQ ’
Based on (I0), the ergodic achievable rate of conventional

massive MIMO (i.e., N, = K—1, K = K) for uniform transmit
power allocation is lower bounded by

Br(M —1)Eq
ﬂk(K—l)Eo-i-Ko’Q '

Remark 1. In (I0), N;, and K are proportional to K. This
implies that both RY'T"™ and RYMET™ jncrease mono-
tonically with the number of BS antennas per user. Moreover,
we have RkMRT’um > RE’MRT"“”, i.e., (II) defines the worst-
case performance of the proposed scheme. Comparing (I0)
and ([, the performance gains of the proposed scheme over
conventional massive MIMO include: i) an enhanced transmit

e (1 + (10)

RYMET — og, (1 + (11)



power for the active users due to cache-enabled offloading, when
K < K, and ii) reduced interference due to cache-enabled
interference cancellation and offloading, when N, < K — 1.

B. Zero-Forcing Precoding

Different from MRT, ZF precoding avoids multiuser inter-
ference by projecting the transmit signal of each user into
the null space of all other users. When files are cached at
the users’ terminals, the interference cancellation capabilities
offered by caching and ZF precoding can be combined for
improved precoding design. In particular, if ¢;; = 0, i.e., user
l # k is inactive, its channel will not be considered for the
ZF precoding design at user k; on the other hand, if user [ is
active and has cached the file requested by user &, i.e., ¢;; = 1
and c; = 0, user [ can exploit the cached file to remove the
interference caused by user k, without having to rely on ZF
precoding. Hence, the ZF percoder intended for user k, only
needs to avoid causing interference to the set of active users
that do not have user k’s requested file in their caches. This
set of users is denoted by A £ {I| ci=1lcp1=1,1# k}.
Consequently, if A is not empty, the precoding vector wZ¥' of
user k has to satisfy the following constraints:

[wZ* = 1, and Bf'wZ =00 € Ay, (12)

such that the signal of user k is sent in the null space of the
signal space formed by the users in Ag. Let Dy and Ag(n)
be the cardinality and the nth element of set Ay, respectively.
Then, for user k and set Ay, we define the effective channel
matrix after cache-enabled interference cancellation as

Qk = [q17q27"' 7qu+1]7 (13)

where q1 = hy, and gn41 = hy (), n = 1,2,--+, Dg.
Consequently, for the proposed cache-aided massive MIMO,
the ZF precoding vector of user k is given by

wiF — Q1(Q)Qk) 'e
|QL(QIQL) e ||
where e; £ [1,0,---,0]". For the ZF precoder wZF, the

corresponding ergodic achievable rate and its lower bound are
given in Proposition

(14)

Proposition 2. With the ZF precoder w# in (I4) and perfect
CSI, the ergodic achievable rate of user k is

E
RZF — £ log <1+ b )} (15)
' { U leu@iQy) e | o

Moreover, R,%F is lower bounded by

ﬁk(M_Dk_l)Ek>. (16)

RZF > RZF — og, (1 + o2

Proof: Please refer to Appendix [Bl [ ]

If uniform transmit power allocation is adopted, the lower
bound in (I6) simplifies to

a7)

~ ; M — Dy — 1)E
RZF,um:lng <1+Bk( _k ) 0>.

Ko?
Based on (I7), the ergodic achievable rate of user k for

conventional massive MIMO (i.e., D, = K — 1, K = K) is

lower bounded by

(18)

r uni M — K)E
RZ*ZF’ = log, (1 + —Bk( ) 0> .

Ko?

Remark 2. We have RZ""™ > R>ZF™ To explain the per-
formance difference, we note that, in the conventional ZF-based
massive MIMO system, the signal of user k& has to be orthogonal
to the signals of all other i —1 users. The resulting interference
mitigation comes at the cost of a reduced received signal power
for each user. In contrast, with the proposed scheme, as cached-
enabled offloading and interference cancellation can partially
mitigate the interference, more spatial degrees of freedom are
available for ZF precoding design and hence, the power loss
incurred by ZF precoding is reduced. Moreover, due to cache-
enabled offloading, a power gain of K/K is also achieved for
transmit power allocation to the active users.

C. Regularized Zero-Forcing Precoding

In conventional massive MIMO, RZF precoding is often con-
sidered to balance between interference mitigation and power
enhancement [[16]. For the proposed scheme, RZF precoding has
to be reconsidered in order to maximize the performance gains
enabled by caching. However, the ergodic rate of RZF precoding
cannot be analyzed in the same manner as that of MRT/ZF
precoding. To make the analysis tractable, we investigate RZF
precoding in the large system limit, when M, K — oo but pg
is fixed and we assume that the [Sys are equald.

We define the effective channel fading matrix for user k as

Fio = [fo1, foo, o fopes1] (19)
where fj, 1 = gk, frnt1 = 8a (), =1,2,-++, Dy, and gy, =
[9k1, Gk,25 ,gk_,M]T. Then, the RZF precoding vector of user
k is given by [13], [16]

rze . (FRFp +opD) 'y 20)

b FFE A anD) i ||
where oy, is a regularization parameter.

Proposition 3. With RZF precoding in (20) and perfect CSI,
the ergodic achievable rate of user k is given by

ES

R =logy [ 14+ =7

2 =l RSSO Er=l
leUy

2y

s —MBrG*(pr,&k) B
where B . - ﬁg(l)mﬁk)
user k, E'(l) — mgﬁ(ﬁ-%?fa))? is the interference power received
at user k and caused by user [. Moreover, p, = Dy /M, &, =
ar /M, and G(py, &) can be evaluated in closed form [15]

_ 2 _
g(pk,ék):% [\/(1 €gk) +2(1;p’“)+1+1§:’“—1 L (22)

Proof: Please refer to Appendix |

is the received signal power of

2This assumption facilitates concise and insightful results. Nevertheless, the
extension to non-identical Ss is possible [16] and will be provided in the
journal version of the paper.



If uniform transmit power allocation is adopted, the ergodic
achievable rate of user k in (2I) reduces to

- Es,uni
Z Ei,uni(l) + o2 ’
leUy

RkRZF,uni

= log, (23)

—MBG* (pr.Ex) Eo i,uni BrEo

ﬁg(/)mﬁk)? - E (l) - (14G(p1,&1))2 K"
Similarly, the ergodic achievable rate of user k in a conventional
massive MIMO system (i.e., pr = (K — 1)/M, & = o/M,
K = K) can be obtained from [@3), and is given by

where ESui

RPRZFuni _ 1+ Eb>s;uni o
k = 1089 ZEb’i’uni(l)—i-O'Q ) ( )
1%k
where EPsuni _Mﬂkg2(Kle)%)Eo’ Ebimig)

TE IS K

BrEo and « is the regularization parameter in

(4G5t 7)) K
conventional massive MIMO. ) )

Remark 3. Comparing RjZF™ with RYFAF™ - we ob-
serve that, by employing the proposed scheme, caching not
only improves the transmit power by reducing the number of
active users K, but also impacts the signal and interference
powers. Therefore, for RZF precoding, the tradeoff between
the signal and the interference powers, which is adjusted by
the regularization parameter, has to be newly investigated for
maximization of the cache-enabled performance gains. In this
paper, the optimal regularization parameter is found numerically
for the results shown in Section [V

IV. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the pro-
posed scheme. For comparison, conventional massive MIMO is
adopted as a baseline. Let SNR = 101log;, % be the transmit
signal-to-noise ratio. We set SNR = 10 dB, 5 = 0.5, Vk,
F =1 MByte, and L;, = 100. We assume that the files are
requested with equal probability 1/L;. To illustrate the benefits
of caching, we consider a simple uniform caching scheme,
whereby each user caches a file with probability p £ L, /L;. We
note that, by considering random requests and caching, K, N},
(i.e., the number of interfering users for user k), and Dy, (i.e.,
the number of active users that do not have user k’s requested
file in their caches) become random variables. However, for
performance evaluation, we consider the case of asymptotically
large K. For large K, due to the law of large numbers, K,
Nj, and Dy, converge to their mean values E{K}, E{Ny},
and E{Dy}, respectively. Hence, we have E{K} = (1 — p)K.
Furthermore, for a given user k, the event that user [ # k causes
interference to user k, i.e., [ € Uy, has probability

pu=Pric,i = Lepr = Lap = 1,1 # k) =pD+p), (25)

where pi(tl) is the probability that users [ and k request different

files, which is given by p&) = C1,CL, [ (1— p)]2(1 —p).
pg) is the probability that the two users require the same file,
given by pi?) = Cr, 01— p)f. Consequently, p, = (1 —
&) (1-pP+ L0 —p)ﬁ. Since p,, is independent of the users,
we have E{Nj} = (K — 1)p,. Following the same approach as
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Fig. 2. Ergodic achievable rate per user vs. number of BS antennas per user,
po, for MRT, ZF, and RZF precoders with L, = 20, i.e., 20% of the users’
requests are offloaded by caching.
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Fig. 3. Ergodic achievable rate per user vs. cache size, L. F', for MRT, ZF,
and RZF precoders with pg = 1.4.

for £{ Ny}, we can further show £{D} = (K —1)p,,. To show
the maximum performance of RZF precoding, the regularization
parameter is optimized numerically for each parameter setting.

Fig. [2] illustrates the ergodic achievable ratd per user versus
the number of BS antennas per user, pg, for MRT, ZF precoding,
and RZF precoding. From Fig. 2] we observe that, for all con-
sidered precoders, the proposed scheme achieves significantly
higher ergodic rates than the baseline scheme. This is because,
on the one hand, caching offloads the cellular traffic for inactive
users and mitigates the multiuser interference of active users.
On the other hand, with the enhanced precoders, caching is
further exploited to improve the received signal power and/or
increase the spatial degrees of freedom, both of which increase
the ergodic achievable rate. For example, with MRT precod-
ing, the proposed scheme for py = 1.1 achieves the same
performance as the baseline scheme for py = 1.8. Moreover,
by optimally balancing between interference cancellation and
power enhancement, enabled by user-side caching and BS-
side precoding, respectively, the proposed scheme with RZF
precoding achieves the best performance.

From Fig. 2] we also observe that the proposed scheme
achieves the largest performance gains over the baseline scheme
for ZF precoding when the number of antennas approaches the

3The numerical results shown in this section were obtained with {0y, D,
(@D, (@8, @3), and @4) for M, K — oo, po = M /K, and have been validated
by Monte Carlo simulations. However, for clarity, the simulation results are not
included in Figs. 2l and



number of users. This is because the cache-enabled interference
cancellation is exploited at the BS to reduce the number of
ZF precoding constraints. For a small pg, the signal space for
ZF precoding design is severely constrained. In this case, ZF
precoding can benefit from the increased spatial degrees of
freedom enabled by caching and hence achieve a large perfor-
mance improvement. Thus, caching can effectively enhance the
performance of massive MIMO systems having a small number
of BS antennas per user, i.e., when pg is small.

Fig. 3 shows the ergodic achievable rate per user versus the
cache size, L, [, for MRT, ZF, and RZF precoding. We observe
that, for all considered precoders, as the cache size increases,
the proposed scheme can exploit the increased offloading and
interference cancellation opportunities enabled by caching to
significantly improve the system performance. For example,
when L, = 20, we have E{K}/K = 0.8, i.e., 20% of the users’
requests are offloaded by caching, and p,, = E{Ny}/(K—1) =
E{Dy}/(K —1) = 0.513, i.e., 28.7% of the users have cached
the files requested by other users. Consequently, due to caching,
48.7% of the users including the offloaded users would not
cause interference to the active users. In this case, for ZF
precoding, the ergodic achievable rate of the proposed scheme
increases by 70.1% compared to the baseline scheme. On the
other hand, as caching is unavailable for the baseline scheme, its
performance is independent of L,. From Fig. 3l we also observe
that, for the proposed scheme, RZF precoding achieves the best
performance among the considered precoding techniques for all
considered cache sizes.

V. CONCLUSION

In this paper, a novel cache-aided massive MIMO scheme
was proposed. In addition to reaping the advantages of caching
and massive MIMO, the proposed scheme also facilitates in-
terference cancellation at the user side and transmit power
savings at the BS. Exploiting these cache-enabled benefits,
linear precoders, specifically MRT, ZF, and RZF precoders,
were redesigned for further performance improvement. Closed-
form expressions for the ergodic achievable rate of the proposed
schemes were derived for MRT, ZF, and RZF precoding. Nu-
merical results show that the proposed scheme significantly im-
proves the performance of all considered precoding techniques
especially when the number of BS antennas per user is small.
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APPENDIX

A. Proof of Proposition [1l

Substituting (@) into (&), we have
-1

> |h?hl|2E + o2
Rip=log, |1+ |&£{ E L (26)
k — 2 B
[hy||* B

where [2, Appendix A],

|bih | 2
2 T Eirto <ZB ) { 1 }
5 = wEi+o (27)
by [|” Ex U, ||

Due to @), we have |[hg|* = B 3,7, |gkm|”. Note that,

9 l® = 1R (G) + |5 (gm) - Henee, 258 il
follows the chi-squared distribution with 20/ degrees of free-
dom as V2R (gr.m) and 23 (gr.m) are independent stan-
dard normal random variables. Thus, QZM |gk.m|” is an
inverse chi-square distribution with 2M degrees of freedom,

and we have 5{ (Z 1 1Gkm] ) } = (M —1)71, and

£ {1/Hhk”2} = m. Substituting 27) into 26), Propo-
sition [Tl is proved.

B. Proof of Proposition
Substituting (I4) into (@), we have

< | B [bQr(Q' Q) e
Q

)

,Di + 1, we

RIF =£41
k {032 o2 ||Qk QHQk 1elH
=0,1=2--

Since [q!'Qu (Q1Q0) " erf

have [af'Qx (QI'Q) "er? = [laflQc (QQ:) |2 =
ai' Qs ( EQI@)_l( EQk)_l Qllq;. Note that
a' Q. (QH Q) 1 (QHQL) 'Qlqy is the ele-
ment in the first row and the first column of
QlQL(Q}Qx)~ (Qk Qr)'QHQ, = I. Hence, we have
hlQy (QEQk) e1|2 = 1 as hy = qi. Then, substituting
hi'Qk (QIQk) e1|2 =1 into (28), (I3) in Proposition 2 is
proved.

Moreover, substituting (I3) into (&), the downlink achievable
rate of user k is lower bounded by

— (5 {HQk(QIIij)_lel||2})_l) . (29)

Since ||Qk(‘%}ka) ter]? =
el (Q)'Qr) ' Q) Qu(Q}; Qk) er = e(QQx)"er
we have that ||Qr(QHQr) 'ey]|? is the element in the first
row and the first column of matrix (QXQj)~!. Note that
(QIQy) ! is a complex inverse Wishart matrix with Dy, + 1
degrees of freedom and parameter matrix ®~! [13], where
& c CPx+DX(Detl) s 3 diagonal matrix with diagonal
elements [Bx, Ba, (1), > Ba,(Dy))- Using the results in [14]

Ch. 3.8], we have £ {(Q}'Qx)"'} = #&14_1). Thus, we
have
1

g { H -1 2} — .
HQk(Qka) elH (M—Dk—l)ﬂk
Then, substituting (30) into @9), (T6) in PropositionPlis proved.

RZF —log, <1 +

(30)

C. Proof of Proposition
Based on @) and 20), the effective signal power is given as
|hH FHFk + OzkI lfkl‘ E

E8 ‘hH RZF‘ E _
H FIIC{Fk—l-OLkI 1fk1||




_ &k (FEFr + axT)” g’ BrE 31
|(FIF) + o)~ ng
Applying the matrix inversion lemma [13]], we have
(Fio Fro + arl) gk
(FIF, + ) g = ., (32)
1+ g (Figy Frge) + ond) "' gk

where Fy () is obtained by deleting the vector gy from Fy.
Defining

Xi = gi (FioyFrg + arl) ™ g, (33)
@), = (Fip)Fre + D)™, (34)
with (32), we have
. X |? BLE
o 1 Xk | ﬁka' (35)
1@ gkl

Rewrite X, as X, = ﬁgk( Fk(k)Fk(k)+§k )~ lgk, where
&k = ay /M. Then, in the large system limit where M, Dy —
oo, but pr, = Dy /M is finite and fixed, X, converges (almost

surely) to [15],

S (36)
where
Foeli) = (1= pr) (1)
A e N (/T L

2

§(p) is the impulse function, and (z)* £ max{0,z}. On the
other hand, define @k:(ﬁ—ng(k)Fk(k) +&,I)~ L. Then, we have

|2} @) Prgr| =

Following a similar approach as for X}, one can show that

1,1 I
|®rgr]” = |Mgg¢’k‘1)kgk|- (38)

1

— e, P — 7]: d 39
778k PrPrgE / TENAE L (1)dp (39)

- 40
where the second line holds since = -4 1
(u+&r)? +£ )2 d&r (p+e€x)

Substituting (38) and @Q) into (33, we gét R

2 _ 2

[T G*(pr, k) BrEry ~ —MG (pkugk)ﬁkEk' @1

G(pr, &)

If | € Uy, the effective interference power of user [ to user
k is given by

— 7 7= G (ks &)

B |hE(FFF1 + OC[I)_lfl71|2E[
— FF A+ and) T 2
gt (FPF + o)t gl|? B
— ®F A+ ad) e
Applying the matrix inversion lemma, @2)) is rewritten as
gk Pigil* B B
(| @2

Ei(1) = [nfiwfor

(42)

E(l) = (43)

Removing gy from F;;) and applying the matrix inversion
lemma, we have

&k (Fi{y Fiar) + D) 'gif?
11+ gfl(F ﬁlk)Fl(lk) + o)~ 1gil?’

where F)(; is obtained by deleting vectors gy and g; from F;.
Therein, for the numerator, we have

gl ®g|? = (44)

1 _ _

& @iy &il” = 8 Puk)BiBT Bk 8K

1 1 - = 1 =
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where p; = (N, —1)/M, @) = (F (lk)Fl(lk) + aI)7!

and @) = (%Fz}gl%(lk) + SI)~'. Moreover, for the

denominator, based on , we have
|1+gll;I(F}%lk)Fl(lk) +al) gkl = (1+G(p,&))%

As M, N; — oo, we have p; — p;, and hence, substituting

(@3) and (46) into (@), we get that
2 —ﬁd%g(/’l,&)

(46)

H
&2 —» METT (47)
S PRI
Based on (40), we have
1 1 — = 1 d
|| = Vi (Mg}{q’}{q’lgl> — MG G(p1,&), (48)
which holds for M — oo. Hence, we have
. E
E'1) - PiEy (49)

(1+G(p, &))*

Moreover, the noise power is o2. Hence, when Dy, M — oo,
but py, is finite and fixed, the SINR of user % is given by

ES
Yiev, Bl +0*
Substituting (@), @9), and (B0) into (@), Proposition [ is

proved.

SINRy, =

(50)
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