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At the Intersections of Random Matrix theory  & 
Free Probability with..  
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• Advance Wireless Com.
Massive MIMO 
NG Radar at mmW
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• MIMO OFDM, NOMA
• Cooperative MIMO, 
• Precoding/beamforming
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• Cooperative MIMO
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Their solutions have contributed 
to new theoretical results in the field of 

random matrix theory and free probability



Random matrix: matrix-valued random variable

Random Matrix Theory: provides understanding of diverse properties (manly, 
statistics of matrix eigenvalues) of matrices with entries drawn randomly from 
various joint p.d.f.

Free probability: mathematical theory that studies non-commutative random 
variables. 

”Freeness" or free independence property is the analogue of the classical notion 
of independence. 

Initiated in 86 from the free group factors isomorphism problem (in operator algebras)
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Random Matrix in Physical Systems
Nuclear Physics

To model the nuclei of heavy atoms
(spacings between the lines in the spectrum of 

a heavy atom nucleus)

Multivariate Statistics 

For statistical analysis of 
large samples

To model the distribution of zeros 
of the Riemann zeta function

Connected to the Hilbert–Pólya
conjecture

Number Theory
Theoretical neuroscience

To model: network of 
synaptic connections 
between neurons in the 
brain
And dynamical behavior of 
randomly connected neural 
networks



Multi-Antenna channels

K 

N 

N 

y = Hx + n

• K and N number of transmit and receive antennas

• H = propagation matrix: N ⇥K complex matrix whose entries represent
the gains between each transmit each and receive antenna.
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DS-CDMA Flat-faded Channel

User 2 

User 1 A 1 1 s 1 

A 2 2 s 2 

A k k s k 

. . . 

. . .
 . . . 

Interface 

Interface 

Front 
End 

y=Hx + n 

x 2 

x 1 

y = H|{z}
SA

x + n= SAx + n

• K= number of users; N= processing gain.
• S = [s1 | . . . | sK] with sk the signature vector of the kth user.
• A is a K⇥K diagonal matrix containing the independent complex fading
coefficients for each user.
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Correlated Entries

Theorem: Let

H =
p

�RS

p
�T

S: N ⇥K matrix whose entries are independent complex random variables
(arbitrarily distributed) satisfying the Lindeberg condition with identical
means and variance 1

N .

�R: N ⇥ N random matrix whose asymptotic spectrum of converges a. s.
to a compactly supported measure.

�T: K ⇥K random matrix whose asymptotic spectrum converges a. s. to
a compactly supported measure.
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Double Regularity: Engineering Insight

text 

H=P     S 1/2 
o 

• where S has i.i.d. entries with variance 1
N and thus Var [Hi,j] = Pi,j

N

• gain between copolar antennas (�) different from gain between
crosspolar antennas (�) and thus when antennas with two orthogonal
polarizations are used

P =

2

664

� � � � . . .
� � � � . . .
� � � � . . .
... ... ... ... . . .

3

775

which is mean doubly regular.
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Crosspolarized Antennas

A. M. Tulino, A. Lozano, and S. Verdú, “Impact of Antenna
Correlation on the Capacity of Multiantenna Channels,” IEEE
Trans. Information Theory, vol. 51, pp. 2491-2509, July 2005
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which is mean doubly regular.
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Theorem 11. • Channel matrix H = A � Hw

• A is deterministic doubly-regular (identical row-sums and identical
column-sums)

• Hw has zero-mean independent (not necessarily identically distributed)
coefficients with variance 1

nT
.

Then, the asymptotic capacity per antenna is the same as if H = Hw
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Massive MIMO (LSA) 

Crosspolarized Antennas

Hetenet

Random Matrix in Communications

Code Division Multiple Access (CDMA)

COMP
MC-CDMA 

Random Precoding Diversity
Progressive Scattering

Sensor networks 

Frequency selective
time selective
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to the waterfilling formula [3]. In fact, in the familiar case of a
deterministic linear time-invariant system with transfer function

, , the mutual information achieved by
a stationary Gaussian input process with power spectral density

is equal to the right side of (7) with
and uniformly distributed on .

A general discrete-time coherent fading model is given by the
noisy version of the output of a linear time-varying system with
random impulse response known at the receiver

(8)

or, equivalently, in vector form

(9)

where is the matrix representation of the convolution operator
in (8). Subject to suitable stationarity and ergodicity assump-
tions on the capacity is given by [1]

(10)
A general closed-form formula for (10) in terms of the statistics
of has not been found yet either with or without knowl-
edge of at the transmitter.

Since most mobile wireless systems are subject to both fre-
quency-selective fading (e.g., due to multipath) and to time-se-
lective fading (e.g., due to shadowing), it is of interest to con-
sider a channel model that incorporates both effects. In this
paper, we consider the following model (Fig. 1):

(11)

obtained by concatenating a random circulant matrix ,
with a time-domain diagonal fading matrix, where, as defined
before, and are random diagonal matrices modeling the
time-selective and frequency-selective fading coefficients, re-
spectively. Note that (11) is a special case of (8), which cap-
tures some interesting features of time and frequency selectivity.
For example, we may consider a case where signaling takes
place over a set of orthogonal carriers [as in orthogonal fre-
quency-division multiplexing (OFDM)], each attenuated by a
random coefficient, with the whole signal then subject to a form
of time-selective fading. Examples of time-selective (frequency-
flat) fading include shadowing, impulsive noise/jamming that
saturates the receiver input thereby erasing some of the received
values [4], and satellite communication with the presence of a
line-of-sight path modeled as a Markov chain [5].

Throughout this paper, we assume that the fading random pro-
cesses and are mutually independent,
stationary, and ergodic. Furthermore, either the time-domain
fading or the frequency-domain fading is assumed to be i.i.d.,
while the other is strong mixing (Definition 12 in Appendix IV).
We denote by and two independent random variables with
the same first-order marginal distributions of and , re-
spectively. Notice that and may have different distributions.

Fig. 1. Frequency-selective time-selective fading channel.

These are assumed to be sufficiently well behaved, such that all
moments exist.

The main technical advance required to solve the capacity
of the channel model (11) is the asymptotic spectral distribu-
tion of the matrix , when is a random symmetric non-
negative definite circulant matrix independent of . When the
fading is known to the receiver only, the capacity is given by
Theorem 1, which represents the main result of this paper. In
Theorem 2, we show that when the frequency-domain fading is
known also to the transmitter, the capacity achieving power allo-
cation on the channel frequency components takes on the form
of the well-known “waterfilling” solution for a scaled channel
SNR, where the scaling coefficient can be characterized as the
solution of a fixed-point equation. We also provide a number
of easily computable upper and lower bounds to capacity, and
simple formulas for the asymptotic behavior of capacity in the
limits of small and large SNR are also presented.

The rest of this paper is organized as follows. Section II states
the main results on capacity with fading coefficients known
at the receiver only; on capacity when the frequency-selective
fading is known also to the transmitter; on the bounds to ca-
pacity and on the low/high SNR asymptotic regimes. Section III
presents some auxiliary results and the proofs of our main re-
sults, except those particularly technical, which are relegated to
Appendixes I–IX. Finally, Section IV summarizes our conclu-
sions.

II. CHANNEL CAPACITY RESULTS

A. Main Results

Theorem 1: The capacity of the channel model (11) with
fading unknown to the transmitter is given by

(12)

where

(13)

(14)

are coefficients that depend on and on the fading distributions,
and are defined by the solution to

(15)
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†
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At the beginning...

Grenander-Szego’58        Marcenko-Pastur’67     Silverstein-Bai’95 

Three classical (random) matrix ensembles:

Toeplitz Matrix            Wishart           Weighted Wishart

What about arbitrary structure 
and distributions

X = HH
†

<latexit sha1_base64="Jq+8YzZEfd578riml9xY15KJ7gg=">AAACCXicbZBPS8MwGMbT+W/Of1WPXqJD8DQ6EdSDMPSy4wTrBmsdaZp2YWlaklQYpWcvfhUvHlS8+g28+W3Mugq6+ULIj+d5X5L38RJGpbKsL6OysLi0vFJdra2tb2xumds7tzJOBSY2jlkseh6ShFFObEUVI71EEBR5jHS90dXE794TIWnMb9Q4IW6EQk4DipHS0sDczxwvgL38AhbQzn/uO8dHYUgEHJh1q2EVBeehWUIdlNUZmJ+OH+M0IlxhhqTsN61EuRkSimJG8pqTSpIgPEIh6WvkKCLSzYpVcnioFR8GsdCHK1iovycyFEk5jjzdGSE1lLPeRPzP66cqOHMzypNUEY6nDwUpgyqGk1ygTwXBio01ICyo/ivEQyQQVjq9mg6hObvyPNjHjfOGdX1Sb12WaVTBHjgAR6AJTkELtEEH2ACDB/AEXsCr8Wg8G2/G+7S1YpQzu+BPGR/fnM2ZJQ==</latexit><latexit sha1_base64="Jq+8YzZEfd578riml9xY15KJ7gg=">AAACCXicbZBPS8MwGMbT+W/Of1WPXqJD8DQ6EdSDMPSy4wTrBmsdaZp2YWlaklQYpWcvfhUvHlS8+g28+W3Mugq6+ULIj+d5X5L38RJGpbKsL6OysLi0vFJdra2tb2xumds7tzJOBSY2jlkseh6ShFFObEUVI71EEBR5jHS90dXE794TIWnMb9Q4IW6EQk4DipHS0sDczxwvgL38AhbQzn/uO8dHYUgEHJh1q2EVBeehWUIdlNUZmJ+OH+M0IlxhhqTsN61EuRkSimJG8pqTSpIgPEIh6WvkKCLSzYpVcnioFR8GsdCHK1iovycyFEk5jjzdGSE1lLPeRPzP66cqOHMzypNUEY6nDwUpgyqGk1ygTwXBio01ICyo/ivEQyQQVjq9mg6hObvyPNjHjfOGdX1Sb12WaVTBHjgAR6AJTkELtEEH2ACDB/AEXsCr8Wg8G2/G+7S1YpQzu+BPGR/fnM2ZJQ==</latexit><latexit sha1_base64="Jq+8YzZEfd578riml9xY15KJ7gg=">AAACCXicbZBPS8MwGMbT+W/Of1WPXqJD8DQ6EdSDMPSy4wTrBmsdaZp2YWlaklQYpWcvfhUvHlS8+g28+W3Mugq6+ULIj+d5X5L38RJGpbKsL6OysLi0vFJdra2tb2xumds7tzJOBSY2jlkseh6ShFFObEUVI71EEBR5jHS90dXE794TIWnMb9Q4IW6EQk4DipHS0sDczxwvgL38AhbQzn/uO8dHYUgEHJh1q2EVBeehWUIdlNUZmJ+OH+M0IlxhhqTsN61EuRkSimJG8pqTSpIgPEIh6WvkKCLSzYpVcnioFR8GsdCHK1iovycyFEk5jjzdGSE1lLPeRPzP66cqOHMzypNUEY6nDwUpgyqGk1ygTwXBio01ICyo/ivEQyQQVjq9mg6hObvyPNjHjfOGdX1Sb12WaVTBHjgAR6AJTkELtEEH2ACDB/AEXsCr8Wg8G2/G+7S1YpQzu+BPGR/fnM2ZJQ==</latexit>

X = HDH
†

<latexit sha1_base64="eWtjmQRhZiyoIZvVQWWwTZUb5jI=">AAACEXicbVBNS8MwGE79nPOr6tFLcAh6GZ0I6kEY6mHHCdYN1jrSNO3C0rQkqTBKf4MX/4oXDypevXnz35h1FXTzgZAnz/O+vHkfL2FUKsv6MubmFxaXlisr1dW19Y1Nc2v7VsapwMTGMYtF10OSMMqJrahipJsIgiKPkY43vBz7nXsiJI35jRolxI1QyGlAMVJa6puHmeMFsJufw4K08sl9lf+87xwfhSERsG/WrLpVAM6SRklqoES7b346fozTiHCFGZKy17AS5WZIKIoZyatOKkmC8BCFpKcpRxGRblaslMN9rfgwiIU+XMFC/d2RoUjKUeTpygipgZz2xuJ/Xi9VwambUZ6kinA8GRSkDKoYjvOBPhUEKzbSBGFB9V8hHiCBsNIpVnUIjemVZ4l9VD+rW9fHteZFmUYF7II9cAAa4AQ0QQu0gQ0weABP4AW8Go/Gs/FmvE9K54yyZwf8gfHxDSBjnBU=</latexit><latexit sha1_base64="eWtjmQRhZiyoIZvVQWWwTZUb5jI=">AAACEXicbVBNS8MwGE79nPOr6tFLcAh6GZ0I6kEY6mHHCdYN1jrSNO3C0rQkqTBKf4MX/4oXDypevXnz35h1FXTzgZAnz/O+vHkfL2FUKsv6MubmFxaXlisr1dW19Y1Nc2v7VsapwMTGMYtF10OSMMqJrahipJsIgiKPkY43vBz7nXsiJI35jRolxI1QyGlAMVJa6puHmeMFsJufw4K08sl9lf+87xwfhSERsG/WrLpVAM6SRklqoES7b346fozTiHCFGZKy17AS5WZIKIoZyatOKkmC8BCFpKcpRxGRblaslMN9rfgwiIU+XMFC/d2RoUjKUeTpygipgZz2xuJ/Xi9VwambUZ6kinA8GRSkDKoYjvOBPhUEKzbSBGFB9V8hHiCBsNIpVnUIjemVZ4l9VD+rW9fHteZFmUYF7II9cAAa4AQ0QQu0gQ0weABP4AW8Go/Gs/FmvE9K54yyZwf8gfHxDSBjnBU=</latexit><latexit sha1_base64="eWtjmQRhZiyoIZvVQWWwTZUb5jI=">AAACEXicbVBNS8MwGE79nPOr6tFLcAh6GZ0I6kEY6mHHCdYN1jrSNO3C0rQkqTBKf4MX/4oXDypevXnz35h1FXTzgZAnz/O+vHkfL2FUKsv6MubmFxaXlisr1dW19Y1Nc2v7VsapwMTGMYtF10OSMMqJrahipJsIgiKPkY43vBz7nXsiJI35jRolxI1QyGlAMVJa6puHmeMFsJufw4K08sl9lf+87xwfhSERsG/WrLpVAM6SRklqoES7b346fozTiHCFGZKy17AS5WZIKIoZyatOKkmC8BCFpKcpRxGRblaslMN9rfgwiIU+XMFC/d2RoUjKUeTpygipgZz2xuJ/Xi9VwambUZ6kinA8GRSkDKoYjvOBPhUEKzbSBGFB9V8hHiCBsNIpVnUIjemVZ4l9VD+rW9fHteZFmUYF7II9cAAa4AQ0QQu0gQ0weABP4AW8Go/Gs/FmvE9K54yyZwf8gfHxDSBjnBU=</latexit>

[⌃]i,j = �i�j
<latexit sha1_base64="6HOfPq0/sWU6eEPWRHnjukqC3Uw=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgQksigroQim5cVjS2kIQwmU7aaScPZiZCCdm78VfcuFBx6xe482+ctFlo64GBc8+5lzv3+AmjQhrGt1ZZWFxaXqmu1tbWNza39O2dexGnHBMLxyzmXR8JwmhELEklI92EExT6jHT80VXhdx4IFzSO7uQ4IW6I+hENKEZSSZ5etzPHD6BzS/shyl0vo4fD/MIRRamKo2EOPb1hNI0J4DwxS9IAJdqe/uX0YpyGJJKYISFs00ikmyEuKWYkrzmpIAnCI9QntqIRColws8ktOdxXSg8GMVcvknCi/p7IUCjEOPRVZ4jkQMx6hfifZ6cyOHMzGiWpJBGeLgpSBmUMi2Bgj3KCJRsrgjCn6q8QDxBHWKr4aioEc/bkeWIdN8+bxs1Jo3VZplEFe6AODoAJTkELXIM2sAAGj+AZvII37Ul70d61j2lrRStndsEfaJ8/7Oyaig==</latexit><latexit sha1_base64="6HOfPq0/sWU6eEPWRHnjukqC3Uw=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgQksigroQim5cVjS2kIQwmU7aaScPZiZCCdm78VfcuFBx6xe482+ctFlo64GBc8+5lzv3+AmjQhrGt1ZZWFxaXqmu1tbWNza39O2dexGnHBMLxyzmXR8JwmhELEklI92EExT6jHT80VXhdx4IFzSO7uQ4IW6I+hENKEZSSZ5etzPHD6BzS/shyl0vo4fD/MIRRamKo2EOPb1hNI0J4DwxS9IAJdqe/uX0YpyGJJKYISFs00ikmyEuKWYkrzmpIAnCI9QntqIRColws8ktOdxXSg8GMVcvknCi/p7IUCjEOPRVZ4jkQMx6hfifZ6cyOHMzGiWpJBGeLgpSBmUMi2Bgj3KCJRsrgjCn6q8QDxBHWKr4aioEc/bkeWIdN8+bxs1Jo3VZplEFe6AODoAJTkELXIM2sAAGj+AZvII37Ul70d61j2lrRStndsEfaJ8/7Oyaig==</latexit><latexit sha1_base64="6HOfPq0/sWU6eEPWRHnjukqC3Uw=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vgQksigroQim5cVjS2kIQwmU7aaScPZiZCCdm78VfcuFBx6xe482+ctFlo64GBc8+5lzv3+AmjQhrGt1ZZWFxaXqmu1tbWNza39O2dexGnHBMLxyzmXR8JwmhELEklI92EExT6jHT80VXhdx4IFzSO7uQ4IW6I+hENKEZSSZ5etzPHD6BzS/shyl0vo4fD/MIRRamKo2EOPb1hNI0J4DwxS9IAJdqe/uX0YpyGJJKYISFs00ikmyEuKWYkrzmpIAnCI9QntqIRColws8ktOdxXSg8GMVcvknCi/p7IUCjEOPRVZ4jkQMx6hfifZ6cyOHMzGiWpJBGeLgpSBmUMi2Bgj3KCJRsrgjCn6q8QDxBHWKr4aioEc/bkeWIdN8+bxs1Jo3VZplEFe6AODoAJTkELXIM2sAAGj+AZvII37Ul70d61j2lrRStndsEfaJ8/7Oyaig==</latexit>

Random Matrix 
Theory and 

Free probability

Estimation 
Theory

Information
Theory

Communication 
Theory



Kronecker Model
H =

p
�RW

p
�T

<latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="ccndPAfflbF5xdo+TzCNhD2aG9I=">AAACFXicbVA9T8MwEL2Ur1IKBFYWiwqJqUpYgAEJiaVjQS2t1ESR4zqtVccJtoNURfkrLPwVFgZAsPFvcNMO0PKkk969dyf7XphyprTjfFuVtfWNza3qdm2nvru3bx/U71WSSUK7JOGJ7IdYUc4E7WqmOe2nkuI45LQXTm5mfu+RSsUS0dHTlPoxHgkWMYK1kQL7IvfCCLWKK+SpB6nzsvXaY1YEdwUqu16x6nWKwG44TacEWiXugjRggXZgf3nDhGQxFZpwrNTAdVLt51hqRjgtal6maIrJBI/owFCBY6r8vLywQCdGGaIokaaERqX6eyPHsVLTODSTMdZjtezNxP+8QaajCz9nIs00FWT+UJRxpBM0iwsNmaRE86khmEhm/orIGEtMtAm1ZkJwl09eJd2z5mXTuXWgCkdwDKfgwjlcQwva0AUCT/ACb/BuPVuv1sc8rYq1iO0Q/sD6/AGu5qHp</latexit><latexit sha1_base64="ccndPAfflbF5xdo+TzCNhD2aG9I=">AAACFXicbVA9T8MwEL2Ur1IKBFYWiwqJqUpYgAEJiaVjQS2t1ESR4zqtVccJtoNURfkrLPwVFgZAsPFvcNMO0PKkk969dyf7XphyprTjfFuVtfWNza3qdm2nvru3bx/U71WSSUK7JOGJ7IdYUc4E7WqmOe2nkuI45LQXTm5mfu+RSsUS0dHTlPoxHgkWMYK1kQL7IvfCCLWKK+SpB6nzsvXaY1YEdwUqu16x6nWKwG44TacEWiXugjRggXZgf3nDhGQxFZpwrNTAdVLt51hqRjgtal6maIrJBI/owFCBY6r8vLywQCdGGaIokaaERqX6eyPHsVLTODSTMdZjtezNxP+8QaajCz9nIs00FWT+UJRxpBM0iwsNmaRE86khmEhm/orIGEtMtAm1ZkJwl09eJd2z5mXTuXWgCkdwDKfgwjlcQwva0AUCT/ACb/BuPVuv1sc8rYq1iO0Q/sD6/AGu5qHp</latexit><latexit sha1_base64="376AOGPk4ea65sfWRuvHA8fcu3E=">AAACIHicbVC7TsMwFHXKq5RXgJHFokJiqhIWyoBUwdKxoIZWaqLIcZ3WquME20GqovwKC7/CwgAINvga3DQDtBzJ0rnn3Kvre4KEUaks68uorKyurW9UN2tb2zu7e+b+wZ2MU4GJg2MWi36AJGGUE0dRxUg/EQRFASO9YHI983sPREga866aJsSL0IjTkGKktOSbzcwNQtjOL6Er74XKitLtjGnu3+awqHr5stfNfbNuNawCcJnYJamDEh3f/HSHMU4jwhVmSMqBbSXKy5BQFDOS19xUkgThCRqRgaYcRUR6WXFhDk+0MoRhLPTjChbq74kMRVJOo0B3RkiN5aI3E//zBqkKm15GeZIqwvF8UZgyqGI4iwsOqSBYsakmCAuq/wrxGAmElQ61pkOwF09eJs5Z46Jh3Vj11lWZRhUcgWNwCmxwDlqgDTrAARg8gmfwCt6MJ+PFeDc+5q0Vo5w5BH9gfP8Arz2jcA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit><latexit sha1_base64="hTkc+3eK+5y0XIJMs/i8aCw+1m8=">AAACIHicbVDLSsNAFJ34rPUVdelmsAiuSiKCdSEU3XRZpbGFJoTJdNIOnUzizEQoIb/ixl9x40JFd/o1TtMstPXAwLnn3Mude4KEUaks68tYWl5ZXVuvbFQ3t7Z3ds29/TsZpwITB8csFr0AScIoJ46iipFeIgiKAka6wfh66ncfiJA05h01SYgXoSGnIcVIack3G5kbhLCVX0JX3guVFaXbHtHcv81hUXXzRa+T+2bNqlsF4CKxS1IDJdq++ekOYpxGhCvMkJR920qUlyGhKGYkr7qpJAnCYzQkfU05ioj0suLCHB5rZQDDWOjHFSzU3xMZiqScRIHujJAayXlvKv7n9VMVNryM8iRVhOPZojBlUMVwGhccUEGwYhNNEBZU/xXiERIIKx1qVYdgz5+8SJzT+kXdujmrNa/KNCrgEByBE2CDc9AELdAGDsDgETyDV/BmPBkvxrvxMWtdMsqZA/AHxvcPsH2jdA==</latexit>

ØΦR, ΦT arbitrary
ØW i.i.d.
Massive
MIMO

Frequency selective

Random Toeplitz

time selective

H = AFC
<latexit sha1_base64="KNOL+f8o4CwT+VA6i7IQKszUfFY=">AAACCHicbVDLSsNAFL2pr1pfUZduBovgqiQiqAuhWpAuKxhbaEOZTCft0MmDmYlQQrZu/BU3LlTc+gnu/BunTRbaemC4h3Pu5c49XsyZVJb1bZSWlldW18rrlY3Nre0dc3fvXkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21v3Jj67QcqJIvCOzWJqRvgYch8RrDSUt9Eac/zUTO7zMlVltebojayvlm1atYMaJHYBalCgVbf/OoNIpIENFSEYym7thUrN8VCMcJpVuklksaYjPGQdjUNcUClm84uydCRVgbIj4R+oUIz9fdEigMpJ4GnOwOsRnLem4r/ed1E+eduysI4UTQk+SI/4UhFaBoLGjBBieITTTARTP8VkREWmCgdXkWHYM+fvEick9pFzbo9rdavizTKcACHcAw2nEEdmtACBwg8wjO8wpvxZLwY78ZH3loyipl9+APj8wdJD5hd</latexit><latexit sha1_base64="KNOL+f8o4CwT+VA6i7IQKszUfFY=">AAACCHicbVDLSsNAFL2pr1pfUZduBovgqiQiqAuhWpAuKxhbaEOZTCft0MmDmYlQQrZu/BU3LlTc+gnu/BunTRbaemC4h3Pu5c49XsyZVJb1bZSWlldW18rrlY3Nre0dc3fvXkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21v3Jj67QcqJIvCOzWJqRvgYch8RrDSUt9Eac/zUTO7zMlVltebojayvlm1atYMaJHYBalCgVbf/OoNIpIENFSEYym7thUrN8VCMcJpVuklksaYjPGQdjUNcUClm84uydCRVgbIj4R+oUIz9fdEigMpJ4GnOwOsRnLem4r/ed1E+eduysI4UTQk+SI/4UhFaBoLGjBBieITTTARTP8VkREWmCgdXkWHYM+fvEick9pFzbo9rdavizTKcACHcAw2nEEdmtACBwg8wjO8wpvxZLwY78ZH3loyipl9+APj8wdJD5hd</latexit><latexit sha1_base64="KNOL+f8o4CwT+VA6i7IQKszUfFY=">AAACCHicbVDLSsNAFL2pr1pfUZduBovgqiQiqAuhWpAuKxhbaEOZTCft0MmDmYlQQrZu/BU3LlTc+gnu/BunTRbaemC4h3Pu5c49XsyZVJb1bZSWlldW18rrlY3Nre0dc3fvXkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21v3Jj67QcqJIvCOzWJqRvgYch8RrDSUt9Eac/zUTO7zMlVltebojayvlm1atYMaJHYBalCgVbf/OoNIpIENFSEYym7thUrN8VCMcJpVuklksaYjPGQdjUNcUClm84uydCRVgbIj4R+oUIz9fdEigMpJ4GnOwOsRnLem4r/ed1E+eduysI4UTQk+SI/4UhFaBoLGjBBieITTTARTP8VkREWmCgdXkWHYM+fvEick9pFzbo9rdavizTKcACHcAw2nEEdmtACBwg8wjO8wpvxZLwY78ZH3loyipl9+APj8wdJD5hd</latexit>

1188 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 56, NO. 3, MARCH 2010

to the waterfilling formula [3]. In fact, in the familiar case of a
deterministic linear time-invariant system with transfer function

, , the mutual information achieved by
a stationary Gaussian input process with power spectral density

is equal to the right side of (7) with
and uniformly distributed on .

A general discrete-time coherent fading model is given by the
noisy version of the output of a linear time-varying system with
random impulse response known at the receiver

(8)

or, equivalently, in vector form

(9)

where is the matrix representation of the convolution operator
in (8). Subject to suitable stationarity and ergodicity assump-
tions on the capacity is given by [1]

(10)
A general closed-form formula for (10) in terms of the statistics
of has not been found yet either with or without knowl-
edge of at the transmitter.

Since most mobile wireless systems are subject to both fre-
quency-selective fading (e.g., due to multipath) and to time-se-
lective fading (e.g., due to shadowing), it is of interest to con-
sider a channel model that incorporates both effects. In this
paper, we consider the following model (Fig. 1):

(11)

obtained by concatenating a random circulant matrix ,
with a time-domain diagonal fading matrix, where, as defined
before, and are random diagonal matrices modeling the
time-selective and frequency-selective fading coefficients, re-
spectively. Note that (11) is a special case of (8), which cap-
tures some interesting features of time and frequency selectivity.
For example, we may consider a case where signaling takes
place over a set of orthogonal carriers [as in orthogonal fre-
quency-division multiplexing (OFDM)], each attenuated by a
random coefficient, with the whole signal then subject to a form
of time-selective fading. Examples of time-selective (frequency-
flat) fading include shadowing, impulsive noise/jamming that
saturates the receiver input thereby erasing some of the received
values [4], and satellite communication with the presence of a
line-of-sight path modeled as a Markov chain [5].

Throughout this paper, we assume that the fading random pro-
cesses and are mutually independent,
stationary, and ergodic. Furthermore, either the time-domain
fading or the frequency-domain fading is assumed to be i.i.d.,
while the other is strong mixing (Definition 12 in Appendix IV).
We denote by and two independent random variables with
the same first-order marginal distributions of and , re-
spectively. Notice that and may have different distributions.

Fig. 1. Frequency-selective time-selective fading channel.

These are assumed to be sufficiently well behaved, such that all
moments exist.

The main technical advance required to solve the capacity
of the channel model (11) is the asymptotic spectral distribu-
tion of the matrix , when is a random symmetric non-
negative definite circulant matrix independent of . When the
fading is known to the receiver only, the capacity is given by
Theorem 1, which represents the main result of this paper. In
Theorem 2, we show that when the frequency-domain fading is
known also to the transmitter, the capacity achieving power allo-
cation on the channel frequency components takes on the form
of the well-known “waterfilling” solution for a scaled channel
SNR, where the scaling coefficient can be characterized as the
solution of a fixed-point equation. We also provide a number
of easily computable upper and lower bounds to capacity, and
simple formulas for the asymptotic behavior of capacity in the
limits of small and large SNR are also presented.

The rest of this paper is organized as follows. Section II states
the main results on capacity with fading coefficients known
at the receiver only; on capacity when the frequency-selective
fading is known also to the transmitter; on the bounds to ca-
pacity and on the low/high SNR asymptotic regimes. Section III
presents some auxiliary results and the proofs of our main re-
sults, except those particularly technical, which are relegated to
Appendixes I–IX. Finally, Section IV summarizes our conclu-
sions.

II. CHANNEL CAPACITY RESULTS

A. Main Results

Theorem 1: The capacity of the channel model (11) with
fading unknown to the transmitter is given by

(12)

where

(13)

(14)

are coefficients that depend on and on the fading distributions,
and are defined by the solution to

(15)
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to the waterfilling formula [3]. In fact, in the familiar case of a
deterministic linear time-invariant system with transfer function

, , the mutual information achieved by
a stationary Gaussian input process with power spectral density

is equal to the right side of (7) with
and uniformly distributed on .

A general discrete-time coherent fading model is given by the
noisy version of the output of a linear time-varying system with
random impulse response known at the receiver

(8)

or, equivalently, in vector form

(9)

where is the matrix representation of the convolution operator
in (8). Subject to suitable stationarity and ergodicity assump-
tions on the capacity is given by [1]

(10)
A general closed-form formula for (10) in terms of the statistics
of has not been found yet either with or without knowl-
edge of at the transmitter.

Since most mobile wireless systems are subject to both fre-
quency-selective fading (e.g., due to multipath) and to time-se-
lective fading (e.g., due to shadowing), it is of interest to con-
sider a channel model that incorporates both effects. In this
paper, we consider the following model (Fig. 1):

(11)

obtained by concatenating a random circulant matrix ,
with a time-domain diagonal fading matrix, where, as defined
before, and are random diagonal matrices modeling the
time-selective and frequency-selective fading coefficients, re-
spectively. Note that (11) is a special case of (8), which cap-
tures some interesting features of time and frequency selectivity.
For example, we may consider a case where signaling takes
place over a set of orthogonal carriers [as in orthogonal fre-
quency-division multiplexing (OFDM)], each attenuated by a
random coefficient, with the whole signal then subject to a form
of time-selective fading. Examples of time-selective (frequency-
flat) fading include shadowing, impulsive noise/jamming that
saturates the receiver input thereby erasing some of the received
values [4], and satellite communication with the presence of a
line-of-sight path modeled as a Markov chain [5].

Throughout this paper, we assume that the fading random pro-
cesses and are mutually independent,
stationary, and ergodic. Furthermore, either the time-domain
fading or the frequency-domain fading is assumed to be i.i.d.,
while the other is strong mixing (Definition 12 in Appendix IV).
We denote by and two independent random variables with
the same first-order marginal distributions of and , re-
spectively. Notice that and may have different distributions.

Fig. 1. Frequency-selective time-selective fading channel.

These are assumed to be sufficiently well behaved, such that all
moments exist.

The main technical advance required to solve the capacity
of the channel model (11) is the asymptotic spectral distribu-
tion of the matrix , when is a random symmetric non-
negative definite circulant matrix independent of . When the
fading is known to the receiver only, the capacity is given by
Theorem 1, which represents the main result of this paper. In
Theorem 2, we show that when the frequency-domain fading is
known also to the transmitter, the capacity achieving power allo-
cation on the channel frequency components takes on the form
of the well-known “waterfilling” solution for a scaled channel
SNR, where the scaling coefficient can be characterized as the
solution of a fixed-point equation. We also provide a number
of easily computable upper and lower bounds to capacity, and
simple formulas for the asymptotic behavior of capacity in the
limits of small and large SNR are also presented.

The rest of this paper is organized as follows. Section II states
the main results on capacity with fading coefficients known
at the receiver only; on capacity when the frequency-selective
fading is known also to the transmitter; on the bounds to ca-
pacity and on the low/high SNR asymptotic regimes. Section III
presents some auxiliary results and the proofs of our main re-
sults, except those particularly technical, which are relegated to
Appendixes I–IX. Finally, Section IV summarizes our conclu-
sions.

II. CHANNEL CAPACITY RESULTS

A. Main Results

Theorem 1: The capacity of the channel model (11) with
fading unknown to the transmitter is given by

(12)

where

(13)

(14)

are coefficients that depend on and on the fading distributions,
and are defined by the solution to

(15)
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Ø Σ Toeplitz (random) matrix
Ø A, E  i.i.d

Crosspolarized Antennas

A. M. Tulino, A. Lozano, and S. Verdú, “Impact of Antenna
Correlation on the Capacity of Multiantenna Channels,” IEEE
Trans. Information Theory, vol. 51, pp. 2491-2509, July 2005

Double Regularity: Engineering Insight

text 

H=P     S 
1/2 

o 

• where S has i.i.d. entries with variance 1
N and thus Var [Hi,j] = Pi,j

N

• gain between copolar antennas (�) different from gain between

crosspolar antennas (⇥) and thus when antennas with two orthogonal
polarizations are used

P =

�

⇧⇧⇤

� ⇥ � ⇥ . . .
⇥ � ⇥ � . . .
� ⇥ � ⇥ . . .
... ... ... ... . . .

⇥

⌃⌃⌅

which is mean doubly regular.

50

Theorem 11. • Channel matrix H = A � Hw

• A is deterministic doubly-regular (identical row-sums and identical
column-sums)

• Hw has zero-mean independent (not necessarily identically distributed)
coefficients with variance 1

nT
.

Then, the asymptotic capacity per antenna is the same as if H = Hw

41

Ø W i.i.d. 

Doubly Regular
H = P

1/2 �W
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Filling the Gap...

New random matrix results:

Sensor Networks

Random Matrix 
Theory and 

Free probability

Estimation 
Theory

Information
Theory

Communication 
Theory

UIU-Model
H = USV

†
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Random Matrix in Communications

x= K-dimensional complex-values input vector

y= N-dimensional complex-values output vector

𝒏 = N-dimensional additive Gaussian noise

𝑯= N×K-random channel matrix known at the receiver

y = Hx+ n
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Random Matrix Theory and Free probability help in the characterization of H when the 
number of dimensions K and N goes to infinity: 

K, N -> ∞ ,   K/N=const



Random Matrix in Communications

(Asymptotic) characterization of  H and in particular of its eigenvalues of allows characterize

• maximum throughput (Information measurement)

• mean error in the signal reconstruction of x from y (Estimation measurement )

y = Hx+ n
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input 
output

N×K channel matrix 
(K, N -> ∞)

Although exact in a large system regime, it 
provide very tight performance approx. for 
realistic system dimensions. 

Does asymptotic regime limit the 
applicability of the result?  

8 = ∞



Filling the Gap...
New Information Theoretical Limits:

Cloud-RAN 
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Communication

• Resource limited

• Interaction limited

TOWARDS REAL-TIME AUGMENTED COGNITION



Communication Content Distribution

• Resource limited

• Interaction limited

• Resource intensive

• Interaction limited

TOWARDS REAL-TIME AUGMENTED COGNITION



Communication Content Distribution 

• Resource limited

• Interaction limited

• Resource intensive

• Interaction limited

TOWARDS REAL-TIME AUGMENTED COGNITION

VF

VF

VF

VF

Real-time Computation

• Resource intensive

• Real-time interaction

Bridging the time-scale gap between information capture/sensing, analysis/processing, and delivery/consumption



At the Intersections of Network Theory with..  

Information
Theory

Communication 
and Coding

Theory

Network Theory Statistical  
Physics 

Stochastic  
Optimization Random Matrix 

Theory  

• Computing Networks
E2E Service Optimization and Dynamic 
Control in NG cloud-integrated networks 
• NFV and Network Slicing
• Mobile Edge Computing (MEC)
• Real-time Stream processing 

• Content Networks
Efficient Content Storage and Delivery
• Cache-aided coded multicast 
• Distributed network compression  
• Dynamic Data

Vision: 
5G & beyond cloud-integrated networks will become universal general-purpose compute platforms, with large 
variety of services and applications deployed in the form of slices within a common physical infrastructure.



TOPICS CONNECTED TO SENSOR NETWORKS…

• Reconfigurable and programmable metasurfaces to obtain dynamically switching EM functions, yielding
more freedom and flexibility with respect to conventional phased antenna arrays.

• Objective: joint exploitation of space and time dimensions to allow additional degrees like: 
• Improved information rates
• Channel estimation
• Physical-layer security
• Sensing and data fusion 
• Wireless E-health

The age of Green Internet-of-Things (G-IoT) [for more details see slides 78-82]

DECENTRALIZED INFERENCE WITH SENSING UNCERTAINTY 
[for more details see slides 83-87]

• Objective: detecting a localized POI (Phenomenon of Interest), whose position and emitted
amplitude not known in advance. 

• Open issues
- Development of sophisticated models for accounting both complex sensing phenomena and 5G/B5G communication systems 

(ambient backscattering, massive MIMO, RISs, etc). 
- Design of low-complexity fusion rules originated/elicited from composite hypothesis testing problems, including also quickest 

detection scenarios
- Sensor Quantizer design, including adaptivity by means of active testing



The Wireless Bottleneck

Multicast 
medium

Unicast traffic

Wireless edge caching

Asynchronous content reuse

Caching



FemtoCaching: Caching at the infrastructure side (SBS, Helpers)

Approaches 

Requires infrastructure nodes to grow linearly with the users.

Rate ≈ Load ≈ Delay

M: Memory at 
femtocaching

m: numero di files

The Wireless Bottleneck

 
R ≈ Θ m

M
⎛
⎝

⎞
⎠



Approaches 

The Wireless Bottleneck

D2D Caching: content replication and multi-hop. 

Requires no infrastructure, but very hard to implement 
• no good D2D standard in place, 
• coordination across a large network

M: Memory at 
user device

m: numero di
files

 
R ≈ Θ m

M
⎛
⎝

⎞
⎠

Rate ≈ Load ≈ Delay



Cache-Aided Coded Multicast:

Question: 
Can we achieve scalability with finite infrastructure and 
no D2D communication?

Yes we can!

• J. Llorca, A.M. Tulino, K. Guan, and D. Kilper, 2013 “Network-
coded caching-aided multicast for efficient content delivery”.

• M. Ji, A. M. Tulino, J. Llorca, and G. Caire, 2014 "On the average 
performance of caching and coded multicasting with random 
demands.”

Main Idea: leverages side information at wireless edge caches to efficiently serve jointly multiple 
unicast demands via common multicast transmissions, leading to load reductions that are proportional 
to the aggregate cache size. (Network Coding)

The Wireless Bottleneck

U1 U2

A B

Cache-Aided Coded Mul3cas3ng

1 file Stored at each user

Requested files

A B

B A

B A



Cache-Aided Coded Multicast:
• M. Ji, A. M. Tulino, J. Llorca, and G. Caire, 2014 "On the average 

performance of caching and coded multicasting with random 
demands.” 

Main Idea: leverages side information at wireless edge caches to efficiently serve jointly multiple 
unicast demands via common multicast transmissions, leading to load reductions that are proportional 
to the aggregate cache size. (Network Coding)

The Wireless Bottleneck

U1 U2

A B

Cache-Aided Coded Multicasting

1 file Stored at each user

Requested files

A B

B A

B A

Theoretical 
unbounded gains

Source
m=2 files
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Cache-Aided Coded Multicast:
• M. Ji, A. M. Tulino, J. Llorca, and G. Caire, 2014 "On the average 

performance of caching and coded multicasting with random 
demands.”

Main Idea: Reducing the load over the network by looking for content stored in the network that 
exact matches the information that we need to deliver in order to satisfy user demand. Moving 
towards real-time (personalized media dominated) services exact cache hits are almost non-existent.

The Wireless Bottleneck

U1 U2

A B

Cache-Aided Coded Mul3cas3ng

1 file Stored at each user

Requested files

A B

B A

B A

Theoretical 
unbounded gains 6x

Source
m=2 files

n=2 users
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Dynamic end-to-end network compression
compressing information as it travels through the network

Static local compression is myopic to spatiotemporal 
information lifecycle

We still compress information based solely on local intra-file 
correlations, without taking into account increasingly relevant 
network-wide spatiotemporal correlations

Dynamic e2e compression adaptively exploits redundancy 
throughout the network

Exploiting cloud network wide spatiotemporal redundancy to push 
the fundamental limits of information compression

FROM STATIC LOCAL COMPRESSION TO DYNAMIC NETWORK COMPRESSION

Previously stored information are exploited as references for network compression during delivery



Towards E2E network compression

8X network load reduction beyond local compression and unicast delivery
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Correlation−Aware Coded Multicast
Coded Multicast
Unicast

7.8x

Turning memory 
into Bandwidth  

Un-coded
Exact match Coded low complexity
Correlation-aware Coded Low Complexity

Content distribution network: 10 journal publications, 15 conference papers,2 book Chapters, 
1 best conf. paper award, 900+ google citations, 16 patents (4 Licensed)
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

Core cloud

Edge cloud

Programmable 
Network Fabric

(5G & beyond) cloud-integrated networks will become universal general-purpose compute platforms, 
where a large variety of services and applications will be deployed in the form of slices within a common 
physical infrastructure.
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

VF

VF

VF

VF

APP

Cloud Network Slice

Every human experience will be supported by a collection of services running over a cloud-integrated 
network. 
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

APP

APP

…

VF

VF

VF

VF

VF

VFVF

Cloud Network Slice

M. Weldon, “The Future X Network: A Bell Labs Perspective,” CRC PRESS, October 2015. 

These services take information sources from the physical world, route them through multiple functions 
instantiated across the cloud network until delivering output flows that create some form of augmented 
value for the end user
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

VF

VF

APP

APP

…

Elastic Network 
Resources

Elastic Cloud 
Resources

VF

Cloud Network Slice

VF

VFVF

VF

• Key enablers

- Network function virtualization (NFV)

- Software defined networking (SDN)
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

VF

VF

APP

APP

…

Elastic Network 
Resources

Elastic Cloud 
Resources

VF

Cloud Network Slice

VF

VFVF

VF

• Key enablers

- Network function virtualization (NFV)

- Software defined networking (SDN)

• Ideal for next generation services 
(both resource and latency sensitive) 

1) Network services

- 5G slices

2) Automation services

- Smart X, IoT

3) Augmented experience services

- Virtual X, Augmented X
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

VF

VF

APP

APP

…

Elastic Network 
Resources

Elastic Cloud 
Resources

VF

Elastic Cloud Network Slice

VF

VFVF

VF

• Opportunities
- Users can consume resource- and 

interaction-intensive applications 
from resource-limited devices

- Operators can reduce costs and 
create new value-added services

- Overall sustainability
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CLOUD-INTEGRATED NETWORKS AS UNIVERSAL COMPUTE PLATFORMS

VF

VF

APP

APP

…

Elastic Network 
Resources

Elastic Cloud 
Resources

VF

Elastic Cloud Network Slice

VF

VFVF

VF

• Opportunities
- Users can consume resource- and 

interaction-intensive applications 
from resource-limited devices

- Operators can reduce costs and 
create new value-added services

- Overall sustainability

• Challenges
- Optimized elastic consumption of 

compute/storage/network 
resources

- End-to-end autonomous 
configuration and control
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VF

VF

VF

VF

VFVF
VF

Function 
Placement

Flow 
Routing

Cloud 
resource 
allocation

Network 
resource 
allocation

…APP

APP

…

JOINT END-TO-END SERVICE OPTIMIZATION

• Function placement

- Function chaining, splitting, and replication

• Flow routing

- Flow scaling 

- Mix of unicast and multicast traffic 
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EXISTING APPROACHES
COMPLEX DISJOINT SOLUTIONS

VF

VF

VF

VF

VFVF
VF

Function 
Placement

Flow 
Routing

Cloud 
resource 
allocation

Network 
resource 
allocation

…APP

APP

…

Facility 
Location

Multi-commodity 
Flow

• Driven by old vision of cloud and network separation

• No joint placement/routing optimization

• Unacceptable QoE, limited knowledge augmentation, and/or unsustainable costs with resource overprovisioning.

Separate data/function placement, flow routing, cloud and network resource allocation
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CLOUD NETWORK FLOW APPROACH

CLOUD NETWORK FLOW

• Comprehensive model

- Arbitrary flow chaining, scaling, splitting, and replication

- Arbitrary traffic mix (unicast and multicast flows)

- Non-isomorphic embeddings

• Approximation guarantees
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CLOUD NETWORK FLOW
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• Directed acyclic graph that encodes the 
relationship between service functions and 
associated input/output flows
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CLOUD NETWORK FLOW

Vertical Service
(e.g., Augmented Reality)

Personalized 
Stream

Stream 1

Stream 2

1. Service Graph

Network Service
(e.g., Fixed Residential Video)

vCDN

vFANvCPE

Video 
consumption

Video 
source/
capturevBNGFANCPE

APP

APP

Data

Control

Flow Scaling

• Directed acyclic graph that encodes the 
relationship between service functions and 
associated input/output flows

• Control/data plane as well as 
hardware/software based functions

• Heterogeneous function complexity (proc. 
res. units per flow unit) and flow scaling 
(output flow units per input flow unit)

o1 o2 o3 o4

Service 
Graph
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JOINT END-TO-END SERVICE OPTIMIZATION

Cloud-
Augmented

Grapho1 o2 o3 o4

Service 
Graph

Cloud Network Flow problem: Mixed-cast multi-commodity-chain flow on a cloud-augmented graph

• Includes and generalizes placement and network flow problems

• Captures combined use of compute/storage/transport resources, unicast and multicast flows, and 
flow/function chaining, scaling, splitting, and replication

• Admits optimal polynomial time solutions under linear costs and splittable flows, and efficient 
approximations otherwise



61

SERVICE CLASSIFICATION AND APPROXIMATION ALGORITHMS
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61

Cloud network flow admits optimal polynomial time solutions under linear costs and splittable flows, 
and efficient approximations otherwise

5G Slices
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• Barcelo, Llorca, Tulino, Raman, “The Cloud Service Distribution Problem in Distributed Cloud Networks,” IEEE ICC, 2015. 
• Feng, Llorca, Tulino, Raz, Molisch “Approximation Algorithms for the NFV Service Distribution Problem,” IEEE INFOCOM, 2017.
• Zhang, Sinha, Llorca, Tulino, Modiano, “Optimal Control of Distributed Computing Networks with Mixed-Cast Traffic Flows,” IEEE INFOCOM, 2018.
• Feng, Llorca, Tulino, Molisch, “Optimal Dynamic Cloud Network Control,” IEEE/ACM Transactions on Networking, 2018.
• Feng, Llorca, Tulino, Molisch, “Optimal Control of Wireless Computing Networks,” IEEE Transactions on Wireless Communications, 2018.

SERVICE CLASSIFICATION AND APPROXIMATION ALGORITHMS
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• Barcelo, Llorca, Tulino, Morell, Vicario, “IoT-Cloud Service Optimization in Smart Environments,” IEEE JSAC 2016 
• Michael, Llorca, Tulino, “Approximation Algorithms for the Optimal Distribution of Real-time Stream-Processing Services,” IEEE ICC, 2019.
• Poularakis, Llorca, Tulino, Tassiulas, “Service Placement and Request Routing in MEC Networks With Storage, Computation, and Communication Constraints,” 

IEEE Trans. on Networking, 2020.
• Poularakis, Llorca, Tulino, Tassiulas, “Approximation Algorithms for Data-Intensive Service Chain Embedding,” ACM MOBIHOC, 2020.

SERVICE CLASSIFICATION AND APPROXIMATION ALGORITHMS
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NETWORK SERVICE CHAINS

• Network: Generic US Metro
- 4 Metro PoP, 12 Metro Agg, 60 Metro Edge
- 10G links, CloudBand compute nodes

• Service: Fixed Residential Video
- Data plane: vCDN, vBNG, FAN, CPE
- Control Plane: vCDN, vBNG, vFAN, vCPE

• Demand:
- 2014, 2018, 2022 video traffic
- 50% VoD, 40% VS, 10% IPTV
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• Barcelo, Llorca, Tulino, Raman, “The Cloud Service Distribution Problem in Distributed Cloud Networks,” IEEE ICC 2015. 
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SMART CITY SERVICES

• IoT-Cloud Network:
- Cloud layer (core, metro, edge)
- Access layer
- Device layer
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• City Streams Service:
- Deliver contextually relevant 

personalized city streams

• Operational cost as a function of 
personalized stream data rate

• Barcelo, Llorca, Tulino, Morell, Vicario, “IoT-Cloud Service OpQmizaQon in Smart Environments,” IEEE JSAC 2016.
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RECONFIGURATION-AWARE DYNAMIC CLOUD NETWORK CONTROL

• Centralized online-competitive algorithm to smooth resource allocation in 
distributed cloud networks with reconfiguration cost

• Distributed throughput-optimal flow scheduling and resource allocation 
algorithms under reconfiguration delay and cost

• Jiao, Tulino, Llorca, Yin, Sala, “Smoothed Online Resource Allocation in Multi-Tier Distributed Cloud Networks,” IEEE/ACM 
Transactions on Networking, 2017.

• Wang, Llorca, Tulino, Javidi, “Dynamic Cloud Network Control under Reconfiguration Delay and Cost,” IEEE/ACM Transactions 
on Networking, 2018.
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• Next generation services will be deployed in the form virtual cloud network slices
that can be elastically configured to meet user demands while minimizing the use of 
the shared physical infrastructure 

• The proposed cloud network flow model allows jointly optimizing the allocation of 
cloud and network resources to services with arbitrary function relationships and 
mix of unicast/multicast flows

• Significant efficiency improvements can be obtained via the end-to-end 
optimization of next generation services over cloud-integrated networks
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• Next generation services will be deployed in the form virtual cloud network slices
that can be elastically configured to meet user demands while minimizing the use of 
the shared physical infrastructure 

• The proposed cloud network flow model allows jointly optimizing the allocation of 
cloud and network resources to services with arbitrary function relationships and 
mix of unicast/multicast flows

• Significant efficiency improvements can be obtained via the end-to-end 
optimization of next generation services over cloud-integrated networks

IN SUMMARY



References – Random Matrix
1. M. Sánchez-Fernández, V. Jamali, Member, J, Llorca, and A. Tulino, “Gridless Multidimensional Angle of Arrival Estimation for Arbitrary 3D

Antenna Arrays”, IEEE Transactions on Communications, 2021.
2. E. Grossi, M. Lops, A. M. Tulino, L. Venturino, “Opportunistic sensing using mmWave communication signals: a subspace approach”, IEEE

Transactions on Communications, 2021
3. V. Jamali, Vahid, A. M. Tulino, G. Fischer, R. Müller, Robert Schober, „Intelligent Surface-Aided Transmitter Architectures for Millimeter-

Wave Ultra Massive MIMO Systems”, EEE Open Journal of the Communications Society 2, 144-167, December 2020.
4. A Benzin, G Caire, Y Shadmi, A Tulino, “Low-Complexity Truncated Polynomial Expansion DL Precoders and UL Receivers for Massive MIMO

in Correlated Channels”, IEEE Transactions on Wireless Communications, 2019
5. Y. Xiao, R. J. Essiambre, M. Desgroseilliers, A. M. Tulino, R. Ryf, S. Mumtaz, G.P. Agrawal, “Theory of intermodal four-wave mixing with

random linear mode coupling in few-mode fibers”, Optics express, Vol. 22, No. 26, pp. 32039-32059, 2014.
6. A. M. Tulino, G. Caire S. Verdu, and S. Shamai (Shitz), “Support Recovery with Sparsely Sampled Free Random Matrices”, IEEE Transaction

on Information Theory, Vol. 59. No. 7, pp- 4243-4271, 2013.
7. A. Aubri, I. Esnaola, A. M. Tulino and S. Venkatesan, “Achievable Rate Region for Gaussian MIMO MAC With Partial CSI”, IEEE Transaction

on Information Theory”, Vol. 59, No. 7, pp. 4139-4170, 2013.
8. I. Esnaola, J. Garcia-Frias, and A. M. Tulino, “Linear analog coding of correlated multivariate gaussian sources”, IEEE Transactions on

Communications, Vol.61, No. 8, pp. 3438-3447, 2013.
9. H. Huh, A. M. Tulino, and G. Caire, “Network MIMO with Linear Zero-Forcing Beamforming: Large System Analysis, Impact of Channel

Estimation and Reduced-Complexity Scheduling”, IEEE Transactions on Information Theory, Vol. 58, No. 5, pp. 2911-2934, 2012.
10. P. Memmolo, I. Esnaola, A. Finizio, M. Paturzo, P. Ferraro, A. M. Tulino, “SPADEDH: a sparsity-based denoising method of digital holograms

without knowing the noise statistics”, Optics Express, Vol. 20, No. 15, pp. 17250-17257, 2012.
11. A. Nordio G. Alfano, C. Chasserini, A. M. Tulino, “Asymptotics of Multi-fold Vandermonde Matrices with Random Entries”, IEEE Transaction

on Signal Processing, Vol. 59, No. 6, pp. 2760-2772, 2011.
12. G. Alfano, A. De Maio, A. M. Tulino, “A Theoretical Framework for LMS MIMO Communication Systems Performance Analysis”, IEEE

Transactions on Information Theory, Vol. 56, No. 11, pp. 5614-563, 2010.
13. A. Aubry, M. Lops, A. M. Tulino, and L. Venturino, “On MIMO detection under non-Gaussian target scattering”, IEEE Transactions on

Information Theory, Vol. 56, No. 11, pp. 5822-5838, 2010.
14. A. M. Tulino, G. Caire and S. Shamai (Shitz), S. Verdu, “Capacity of Channels with Frequency-Selective and Time-Selective Fading”, IEEE

Transaction on Information Theory, Vol.56, No.3, pp. 349-410, 2010.
15. M. R McKay, I. B. Collings, and A. M. Tulino, “Achievable Sum Rate of MIMO MMSE Receivers: A General Analytic Framework”, IEEE

Transaction on Information Theory, Vol.56, No. 1, pp. 349-410, 2010.
16. M. Paturzo, P. Memmolo, A. Tulino, A. Finizio, and P. Ferraro, “Investigation of angular multiplexing and de-multiplexing of digital holograms

recorded in microscope configuration”, Opt. Express, Vol. 17, No. 11, pp. 8709-8718, 2009.
17. M. Paturzo, P. Memmolo, L. Miccio, A. Finizio, P. Ferraro, A. Tulino, B. Javidi, “Numerical multiplexing andDemultiplexing of digital

holographic information for remote reconstruction in amplitude and phase”, Optics Letters, Vol. 33, No. 22, pp. 2629-2631, 2008.



References – Random Matrix
16. A. Lozano, A. M. Tulino and S. Verdú, “Optimum Power Allocation for Multiuser OFDM with Arbitrary Signal Constellations”, IEEE Transactions

on Communications, Vol. 56, No. 5, pp. 828-837, 2008 (2009 Stephen O. Rice Prize in the Field of Communications Theory).
17. G. Bacci, M. Luise, H. V. Poor and A.M. Tulino, “Energy-Efficient Power Control in Impulse Radio UWB Wireless Networks”, Journal on Selected

Areas in Communications (Special Issue on Performance Limits of Ultra-Wideband Systems), Vol. 1, No. 3, pp. 508-521, 2007.
18. A. M. Tulino and S. Verdú, “Monotonic Decrease of the Non-Gaussianness of the Sum of Independent Random Variables: A Simple Proof” IEEE

Transaction on Information Theory, Vol. 52, No. 9, pp. 4295-4297, 2006.
19. A. Lozano, A. M. Tulino and S. Verdú, “Optimum Power Allocation for Parallel Gaussian Channels with Arbitrary Input Distributions,” IEEE

Transaction on Information Theory, Vol. 52, No.7, pp. 3033-3051, 2006.
20. A. M. Tulino, A. Lozano, and S. Verdú “Capacity-Achieving Input Covariance for Single-User Multi-Antenna Channels,” IEEE Trans. on Wireless

Communication, Vol. 5, No. 3, pp. 662-671, 2006.
21. A. Lozano, A. M. Tulino, and S. Verdú, “High-SNR Power Offset in Multiantenna Communication,” IEEE Transaction on Information Theory, Vol.

51, No. 12, pp. 4134- 4151, 2005.
22. A. M. Tulino, A. Lozano and S. Verdú, “Impact of Antenna Correlation on the Capacity of Multiantenna Channels,'' IEEE Transactions on

Information Theory, Vol. 51, No. 7, pp. 2491-2509, 2005.
23. A. M. Tulino, L. Li and S. Verdú, “Spectral Efficiency of Multicarrier CDMA”, IEEE Tranactions on. Information Theory, Vol. 51, No. 2, pp. 479-

505, 2005.
24. A. M. Tulino and S. Verdú, “Random Matrices and Wireless Communications”, Foundations and Trends in Communications and Information

Theory, Vol. 1, No. 1, pp. 1-182, 2004.
25. L. Li, A. M. Tulino and S. Verdú, “Design of Reduced-rank MMSE Multiuser Detectors using Random Matrix Methods”, IEEE Transactions on

Information Theory, Vol. 50, No. 6, pp. 986-1008, 2004.
26. A. Lozano, A. M. Tulino and S. Verdú, “Multiantenna Capacity in the Low-Power Regime”, IEEE Tranactions on. Information Theory, Vol. 49, No.

10, pp. 2527-2544, 2003.
27. A. Lozano and A. M. Tulino, “Capacity of multiple-transmit multiple-receive antenna architectures”, IEEE Transactions on Information Theory,

Vol. 48, No. 12, pp.3117-3128, 2002.
28. E. Biglieri, G. Taricco and A. M. Tulino, “Decoding space-time codes with BLAST architectures”, IEEE Transactions on Signal Processing, Vol. 50,

No. 10, pp. 2547-2552, 2002.
29. E. Biglieri, G. Taricco and A. M. Tulino, “Performance of space-time codes for a large number of antennas”, IEEE Transactions on Information

Theory, Vol. 48, No. 7, pp. 1794-1803, 2002.
30. E. Biglieri and A. M. Tulino, “Designing space-time codes for a large number of receiving antennas”, IEE Electronics Letters, Vol. 37, No. 17, pp.

1073-1074, 2001.
31. L. Li, A. M. Tulino and S. Verdú, “Asymptotic eigenvalue moments for linear multiuser detection”, Communication in Information and Systems

(invited paper), Vol. 1, No. 3, pp. 1-32, 2001.
32. A. M. Tulino and S. Verdú, “Asymptotic analysis of improved linear receivers for BPSK-CDMA subject to fading”, IEEE Journal on Selected

Areas in Communications, Special Issue on Signal Processing for Wireless Communications, Vol. 19, No. 8, pp. 1544 -1555, 2001.



References – content distribution
1. R. Ali, V. Cadambe, J. Llorca, A. Tulino, “Fundamental Limits of Erasure-Coded Key-Value Stores with Side Information,” Trans.

On Communications, 2020.
2. P. Hassanzadeh, A. Tulino, J. Llorca, E. Erkip, “Rate-Memory Trade-Off for Caching and Delivery of Correlated Sources” IEEE

Information on Theory, 2020.
3. P. Hassanzadeh, A. Tulino, J. Llorca, E. Erkip, Paris.a Hassanzadeh, Antonia M. Tulino, Jaime Llorca, Elza Erkip, ” Trans. On

Wireless Communications, 2020.
4. G. Vettigli, M. Ji, K. Shanmugan, J. Llorca, A. Tulino, G. Caire, “Efficient Algorithms for Coded Multicasting in Heterogeneous

Caching Networks”, MDPI Entropy, March 2019
5. P. Hassanzadeh, A. Tulino, J. Llorca, E. Erkip, “On Coding for Cache-Aided Delivery of Dynamic Correlated Content”, IEEE Journal

on Selected Areas in Communication, June 2018.
6. R. Ali, V. Cadambe, J. Llorca, A. Tulino, "Multi-Version Coding with Side Information," IEEE ISIT, June 2018
7. R. Ali, V. Cadambe, J. Llorca, A. Tulino, “Bridging the gap between the extremes of complete side information versus no side

information in consistent distributed storage” Information Theory and Applications, 2018,
8. C. Rosetti, S. Romano, A.M. Tulino, SHINE: Secure Hybrid In Network caching Environment, IEEE International Symposium on

Networks, Computers and Communications (ISNCC), 2018
9. M. Ji, A. M. Tulino, J. Llorca, G. Caire, “Order-Optimal Rate of Caching and Coded Multicasting with Random Demands”, IEEE

Information on Theory, Marzo 2017.
10. Y. Fadlallah, A.M. Tulino, D. Barone, G. Vettigli, J. Llorca, J.M. Gorce, “Coding for Caching in 5G Networks” IEEE Communications

Magazine, Vol. 55, No. 2, pp. 106-113, 2017
11. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Broadcast Caching Networks with Two Receivers and Multiple Correlated Sources”

ASILOMAR, 2017
12. . Shanmugam, A. Dimakis, J. Llorca, A. M. Tulino, “Coded Caching Main Technical Barriers: Finite Packetization and Channel

Heterogeneity” ASILOMAR, 2017.
13. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Rate-Memory Trade-off for the Two-User Broadcast Caching Network with

Correlated Sources” ISIT, 2017.
14. K. Shanmugam, A. M. Tulino, A. Dimakis, “Coded Caching with Linear Subpacketization is Possible using Ruzsa-Szeméredi Graphs”

ISIT, 2017.



14. K. Shanmugam, M. Ji, A. M. Tulino, J. Llorca, A. Dimakis “Finite Length Analysis of Caching-Aided Coded Multicasting” IEEE
Information on Theory, Vol. 62, No. 10, pp. 5524-5537, 2016.

15. B. Azari, O. Simeone, U. Spagnolini, A. Tulino “Hypergraph-Based Analysis of Clustered Cooperative Beamforming with Application to
Edge Caching”, IEEE Wireless Communications Letters, Vol. 5, No. 1, pp. 84-87, 2016.

16. A. S. Cacciapuoti, M. Caleffi, M. Ji, J. Llorca, A. M. Tulino, “Speeding up Future Video Distribution via Channel-Aware Caching-Aided
Coded Multicast”, IEEE Journal on Selected Areas in Communications, Vol. 34, No. 8, pp. 2207-2218, 2016.

17. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Distortion-Memory Tradeoffs in Cache-Aided Wireless Video Delivery”, 22nd Annual
International Conference on Mobile Computing and Networking (Mobicom’16), New York, USA, October, 2016.

18. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Memory-Rate Trade-off for Caching and Delivery of Correlated Sources," 37th IEEE
Sarnoff Symposium, Newark, New Jersey, USA, September 2016. (Best paper award).

19. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Correlation-Aware Distributed Caching and Coded Delivery," IEEE Information Theory
Worskhop, (ITW), September 2016.

20. P. Hassanzadeg, A. Tulino, J. Llorca, E. Erkip, “Caching-Aided Coded Multicast for Correlated Sources," IEEE International
Symposium on Turbo Codes & Iterative Information Processing (ISTC), Brest, France, September 2016. (Invited Talk)

21. A.S. Cacciapuoti, M Caleffi, M. Ji, J. Llorca, A. Tulino, “On the Impact of Lossy Channels in Wireless Edge Caching”, IEEE
International Conference on Communications (ICC2016), 2016.

22. J. Llorca, A. M. Tulino, M. Varvello, J. Esteban, D. Perino, Member, “Energy Efficient Dynamic Content Distribution”, IEEE Journal on
Selected Areas in Communications, Vol. 33, No. 12, pp. 2826-2836, 2015.

23. M. Ji, A. M. Tulino, J. Llorca, G. Caire, “Caching in Combination Networks”, IEEE ASILOMAR, November 2015.
24. M.Ji, K. Shanmugam, G. Vettigli, J, Llorca, A. M. Tulino, “An Efficient Multiple-Groupcast Coded Multicasting Scheme for Finite

Fractional Caching”, 2015 IEEE International Conference on Communications (ICC2015), London, 2015.
25. G. Vettigli, M. Ji, A. M. Tulino, J, Llorca, P. Festa, “An Efficient Coded Multicasting Scheme Preserving the Multiplicative Caching

Gain” IEEE Infocom, 2015, Hong Kong, 2015.
26. M. Ji, M. Wing, A. M. Tulino, J. Llorca, G. Caire, M. Effros, M. Langberg, “On the Fundamental Limits of Caching in Combination

Networks”, 16th IEEE International Workshop on Signal Processing Advances in Wireless Communications, SPAWC 2015, Stockholm,
Sweden, 2015

References – content distribution



27. M. Ji, A. M. Tulino, J. Llorca, G. Caire, “Caching and coded multicasting: multiple requests with random demands”, IEEE Information
Theory Workshop, Israel, 2015.

28. P. Hassanzadeh, E. Erkip, J. Llorca, A. Tulino, “Distortion Memory Tradeoffs in Cache-Aided Wireless Video Delivery”, IEEE
ALLERTON, 2015.

29. M. Ji, A. Tulino, J. Llorca, G. Caire, “Caching and Coded Multicasting: Multiple Groupcast Index Coding”, GlobalSIP 2014, Atlanta,
Georgia, 2014.

30. M. Ji, A. Tulino, J. Llorca, G. Caire, “On the Average Performance of Caching and Coded Multicasting with Random Demands”,
SWCS 2014, Barcelona, Spain, 2014.

31. K. Shanmugam, M. Ji, A. Tulino, J. Llorca, A. Dimakis. “Finite Length Analysis of Caching-Aided Coded Multicasting,” IEEE Allerton
Conference, 2014.

32. . Llorca, A. M. Tulino, “Minimum cost caching-aided multicast under arbitrary demand” Conference on Signals, Systems and
Computers, Asilomar, 2013.

33. J. Llorca, A. M. Tulino, K. Guan, J. Esteban, M. Varvello, N. Choiy, D. Kilper, “Dynamic In-Network Caching for Energy Efficient
Content Delivery”, INFOCOM 2013.

34. J. Llorca, A. Tulino, K. Guan, D. C. Kilper, “Network-coded caching-aided multicast for efficient content delivery”, IEEE ICC 2013,
Budapest, Hungary, 2013.

References – content distribution



1. C.H. Wang, J. Llorca, A. Tulino, T. Javidi, Dynamic Cloud Network Control Under Reconfiguration Delay and Cost”, IEEE
Transactions on Networking, Januray 2019

2. K. Poularakis, J. Llorca, A. Tulino, L. Tassiulas, "Joint Service Placement and Request Routing in Multi-Cell Mobile Edge
Computing Networks," IEEE INFOCOM, April 2019.

3. M. Michael, J. Llorca, A. Tulino, "Approximation Algorithms for the Optimal Distribution of Real-Time Stream-Processing
Services," IEEE ICC, May 2019.

4. H. Feng, J. Llorca, A. Tulino, A. Molisch, "Optimal Control of Wireless Computing Networks," IEEE Transactions on Wireless
Communications, October 2018.

5. J. Zhang, A. Sinha, J. Llorca, A. Tulino, E. Modiano, "Optimal Control of Distributed Computing Networks with Mixed-Cast
Traffic Flows," IEEE INFOCOM, April 2018.

6. H. Feng, J. Llorca, A. Tulino, A. Molisch, "Optimal Dynamic Cloud Network Control”, IEEE/ACM Transactions on
Networking, September 2018.

7. L. Jiao, A. Tulino, J. Llorca, Y. Yin, A. Sala, "Smoothed Online Resource Allocation in Multi-Tier Distributed Cloud
Networks," IEEE Transactions on Networking, June 2017.

8. H. Feng, J. Llorca, A. M. Tulino, “Impact of channel state information on wireless computing network control” ASILOMAR, 2017.
9. H. Feng, J. Llorca, A. M. Tulino, A. Molish, “On the Delivery of Augmented Information Services over Wireless Computing

Networks” IEEE International Conference on Communications (ICC2017), 2017.
10. H. Feng, J. Llorca, A. Tulino, D. Raz, A. Molish, “Approximation Algorithms for the NFV Service Distribution Problem” IEEE

INFOCOM, 2017.
11. M. Barcelo, A. Correa, J. Llorca, A. M Tulino, J.L. Vicario, A. Morell, “IoT-Cloud Service Optimization in Next Generation Smart

Environments”, IEEE Journal on Selected Areas in Communications, Vol, 34, No. 12, pp. 4077-4090, 2016.
12. L. Jei, A. Tulino, J. Llorca, Y. Jin, A. Sala, “Smoothed Online Resource Allocation in Multi-Tier Distributed Cloud Networks”,

IEEE International Parallel & Distributed Processing Symposium (IPDPS), 2016.
13. H. Feng, J. Llorca, A. Tulino, A. Molish, “Optimal Dynamic Cloud Network Control”, IEEE International Conference on

Communications (ICC2016). 2016. (Best paper award).

References – real-time computation



References – real-time computation
14. H. Feng, J. Llorca, A. Tulino, A. Molish, “Dynamic Network Service Optimization in Distributed Cloud Networks”, IEEE INFOCOM

Workshops, 2016.
15. P. Marchetta, J. Llorca, A. Tulino, A. Pescape, “MC3: a Cloud Caching Strategy for Next Generation Virtual CDNs”, IEEE

Networking, 2016.
16. J. Llorca, A. M. Tulino, M. Varvello, J. Esteban, D. Perino, Member, “Energy Efficient Dynamic Content Distribution”, IEEE Journal

on Selected Areas in Communications, Vol. 33, No. 12, pp. 2826-2836, 2015.
17. M. Barcelo, J, Llorca, A. M. Tulino, N. Raman, “The Cloud Service Distribution Problem in Distributed Cloud Networks”, 2015 IEEE

International Conference on Communications (ICC2015), London, 2015.
18. J, Llorca, C. Sterle, A. M. Tulino, A. Sforza. A. Esposito, “Joint Content-Resource Allocation in Software Defined Virtual CDNs”,

2015 IEEE International Conference on Communications (ICC2015), London, 2015.



Developing And Applying Signal Processing and Machine Learning 
Methodologies For Metagenomics and Human Microbiome Applications

Dr. Edoardo Pasolli, Dept. Agricultural Sciences, UNINA

• Human microbiome is a hot topic in biomedical research
• It is highly multidisciplinary and involves clinicians, microbiologists, bioinformaticians, computer 

scientists, engineers, etc.
• High demand of methodological developments including bioinformatic software, computational 

tools, machine learning strategies, etc.
• We are active in developing and applying methods in this field. Some recent publications:



Reflected-power communica;ons: 
from half-wave to 

sub-wavelength sizes

Giacinto Gelli and Francesco Verde
October 20, 2021



The age of Green Internet-of-Things (G-IoT)

• “Things” are equipped with sensing, computing, and communication capabilities to enable
them interacting with each other and with the surrounding environment.
• Communication modules are expected to take a significant portion of the overall energy

consumption for IoT devices.
• Enabling extremely efficient wireless communications is the main focus of G-IoT.
• Reflected-power communications, which do not require active analog components to 

generate a carrier wave, but leverage dedicated or ambient sources (e.g., digital TV 
broadcasting, cellular systems, local area networks), have emerged as a promising solution to 
G-IoT, due to their inherent energy-harvesting capability, low power consumption, and low
implementation cost.
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Reflected-power at sub-wavelength sizes

• ConvenGonal reflected-power communicaGons rely on arrays consGtuted by 𝜆/2 size
electromagneGc (EM) antennas, where 𝜆 denotes the operaGng wavelength.
• A viable alternaGve is offered by the recent advent of EM metamaterials, which possess

unique EM properGes that are hard or even impossible to be achieved using natural
materials.
• Arrays of uniform or nonuniform elements, whose dimension is smaller than 𝜆 by more than

one order of magnitude (subwavelength size) exhibit unique properGes, such as anomalous
reflecGon/refracGon for beamforming/beamsteering and transmissive/reflecGve focusing for 
high direcGvity.
• Reconfigurable and programmable metasurfaces can be implemented to obtain dynamically

switching EM funcGons, thus yielding more freedom and flexibility with respect to 
convenGonal phased antenna arrays.
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Our research ac>vity on G-IoT

• Many existing works exploit only the spatial dimension of EM 
metamaterials, by overlooking their temporal properties.
• Our study shows that joint exploitation of space and time dimensions of 

EM metamaterials offers additional degrees of freedom that can be 
exploited for different purposes:

• Improved information rates
• Channel estimation
• Physical-layer security
• Sensing and data fusion 
• Wireless E-health
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Decentralized Inference with
sensing uncertainty

• How to detect localized
Phenomenon of Interests via WSNs?

• Sensing model is incompletely specified

• Rician sensing model



Vs.

• Local sensor performance are not known
• Standard fusion techniques cannot be  applied

Raw
quantization

Square
quantization

Decentralized Inference with
sensing uncertainty



Low-energy and lossy reporting

Hp: independent BSCs to emulate the 
modulation-decoding process

Common operational mode of NB-IoT uplink: 

• low-order modulation schemes (e.g. BPSK)

• single-carrier frequency division multiple 
access

• connectivity to a large number of sensors 
with low data rate requirements

Decentralized Inference with
sensing uncertainty

Issue:



Bit probability for RQ:

Bit probability for SQ:

Decentralized Inference with
sensing uncertainty



(a similar expression holds also for SQ)

Log-likelihood of decisions received at FC

(Composite) Test of hypotheses:

SQ: 

RQ:

POI parameters are not known!

Decentralized Inference with
sensing uncertainty


