
458 IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 11, NO. 3, MARCH 2022

Favorable Propagation for Massive MIMO With Circular and
Cylindrical Antenna Arrays

Elham Anarakifirooz and Sergey Loyka , Senior Member, IEEE

Abstract—Massive MIMO systems with uniform circular and
cylindrical antenna arrays are studied. Favorable propagation
property is rigorously shown to hold asymptotically in LOS
environment for a fixed antenna spacing and under some mild
conditions. The analysis is based on a novel method using a Bessel
function expansion, a new bounding technique and a simpli-
fied representation of inter-user interference for array geometries
obeying Kronecker structure.

Index Terms—Massive MIMO, favorable propagation, uniform
circular array, uniform cylindrical array.

I. INTRODUCTION

MASSIVE MIMO systems have recently gained
significant attention and are considered to be a key

technology for 5G and beyond, due to their promise of high
spectral and energy efficiencies and simplified processing in
multi-user environments. These promises rely to a significant
degree on mutual orthogonality of channels to different users,
which improves as the number of base station (BS) antennas
grows. This is known as “favorable propagation” (FP) [1], [2].

FP was studied both theoretically [1]–[5] and experimen-
tally [6]–[8]. While theoretical studies rely on some simplify-
ing assumptions, such as i.i.d. Rayleigh fading or free-space
propagation, measurement-based studies do take into account
many practically-important factors, such as real-world wave
propagation, antenna array geometry/design, etc. Despite the
fact that FP never holds exactly in practice (i.e., chan-
nels of different users are never exactly orthogonal to each
other), measurement-based studies show that using a large
number of antennas allows one to recover a significant por-
tion of theoretically-established benefits of massive MIMO
systems in various real-world environments [6]–[8], even with
reasonably-large number of antennas, since user orthogonality
improves as the number of antennas increases.

It was shown via analysis, based on the law of large num-
bers, that FP is approached asymptotically (as the number of
antennas grows) in i.i.d. fading channels [1], [2], [10]. The
i.i.d. assumption, however, disregards the impact of antenna
array geometry and its constraints (such as its size). Yet,
antenna array geometry is known to have a significant impact
on MIMO system performance, especially when scattering is
not rich enough. This impact was studied in [4], where it
was shown that FP holds asymptotically for uniform linear
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arrays (ULA) of fixed antenna spacing, for both fixed and
uniformly-random users’ angles-of-arrival (AoA) under line-
of-sight (LOS) propagation. When the ULA size is fixed
(rather than antenna spacing), FP does not hold anymore under
LOS propagation and uniformly-random users’ AoAs [5].

It is concluded in [3] that FP holds asymptotically for ULA
and uniform planar arrays (UPA) but not for uniform circu-
lar arrays (UCA), all under LOS propagation. However, this
comparison is not fair since ULA and UPA are analyzed under
fixed antenna spacing (so their size grows unbounded with the
number of antennas) while UCA is analyzed under fixed array
size. Whether FP holds or not for UCA of fixed antenna spac-
ing remains unknown. In this letter settles this open problem.
We also consider a uniform cylindrical array (UCLA), which is
a popular array geometry for practical implementations [6]–[9]
but for which FP has not been analyzed yet. It should be
emphasized that the analysis of UCA/UCLA is more chal-
lenging than that of ULA/UPA since, unlike the latter case,
no closed-form expressions for array patterns are available in
the former case and thus new tools are need to analyze their
FP properties.

Since UCA and UCLA are attractive solutions for 5G/6G
cellular applications, we analyze them here under fixed
antenna spacing and LOS propagation. The latter is motivated
by mmWave/THz systems (another key technology for 5/6G
and beyond), where a large number of antennas can be located
in a limited space but where LOS environment is essential
to maintain a proper SNR (since a significant LOS blockage
results in a large SNR loss resulting in link outage) [12]–[14].
Furthermore, LOS environment is considered to be “partic-
ularly difficult” for users’ orthogonality and massive MIMO
performance [7]. Therefore, it is important to know whether
mmWave/THz systems can still exploit fully the advantages
of massive MIMO in this environment.

It should be pointed out that the method of [3], which was
used for the UCA of a fixed size, is not applicable when the
antenna spacing is fixed, since the respective sum does not
converge to an integral under fixed spacing. Furthermore, the
law of large numbers cannot be used either in deterministic
setting considered here. Therefore, a new approach is needed.
To this end, we propose such an approach based on a Bessel
series representation. By carefully bounding each term of this
series, we rigorously demonstrate that FP does hold asymp-
totically for UCA and UCLA of fixed antenna spacing under
LOS propagation, see Theorem 1 and Propositions 1-3. This
is in line with the ULA and UPA geometries, even though
the analytical tools used here for the UCA/UCLA geome-
tries are completely different from those of the ULA/UPA.
Based on the asymptotic analysis, a condition on the number
of antennas to approach the FP closely is given. In the pro-
cess, we establish a new bound on Bessel functions and a new
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inter-user interference (IUI) representation for array geome-
tries obeying Kronecker structure (such as UCLA or UPA),
which significantly simplifies the analysis. The reported results
establish point-wise convergence to orthogonality (i.e., for any
given user) and not only statistically (i.e., “on average”), as
in, e.g., [1], [2], [4], [5], [10], [11]. Statistical convergence
follows from point-wise one under some mild assumptions on
users’ AoA distribution.

II. CHANNEL MODEL

Let us consider the uplink of a Gaussian MIMO chan-
nel, where M independent single-antenna users transmit data
simultaneously to a base station (BS) equipped with N-element
antenna array:

y = h1x1 +
M∑

i=2

h ixi + ξ (1)

where h i , xi are the channel vector and information-bearing
signal of i-th user, i = 1, . . . ,M ; y, ξ are the received
BS signal and noise vectors, respectively; |h |, h ′ and h+

denote Euclidean norm (length), transposition and Hermitian
conjugation, respectively, of vector h. The noise is Gaussian
circularly-symmetric, of zero mean and variance σ20 per Rx
antenna. The channel vectors are assumed to be fixed, which
corresponds to LOS-dominated propagation, as in mmWave
systems [12], [13].

To simplify system design, the BS uses linear processing:
while decoding user 1 signal (the main user), it treats the
other users’ signal

∑M
i=2 h ixi as interference and applies the

matched filter beamforming w = h1/|h1| tuned to the main
user so that its SINR can be expressed as follows:

SINR =
|h1|2σ2x1

|h1|−2
∑M

i=2 |h+
1 h i |2σ2xi + σ20

(2)

=
γ1∑M

i=2 |αiN |2γi + 1
, αiN = h+

1 h i/N (3)

where σ2xi and γi = |h i |2σ2xi/σ20 are the Tx signal power
and the Rx SNR of user i; the channel is normalized so that
|h i |2 = N (the propagation path loss is absorbed into the
Rx SNR γi ). Note that the matched-filter beamforming via
w is also known as (single-user) maximum ratio combining
and γ1 is its output SNR.

∑M
i=2 |αiN |2γi represent inter-user

interference (IUI), which disappears if

|αiN | = 0, i = 2, . . . ,M (4)

where |αiN |2 characterises IUI power “leakage” from user i
to the main user. Note that, in general,

SINR ≤ γ1 (5)

i.e., the SINR cannot exceed the single-user SNR γ1; the upper
bound is attained and the two are equal

SINR = γ1 if |αN |2 =

M∑

i=2

|αiN |2 = 0 (6)

This is the most favorable condition in terms of IUI, and one
of the key motivations for massive MIMO systems. While
αN is never exactly zero in practice, it can approach zero

Fig. 1. A planar (2-D) case: users are located in the UCA plane.

as N increases, which is known as (asymptotically) favorable
propagation [1]. This is made precise below.

Definition 1: Favorable propagation is said to hold if

lim
N→∞

|αN | = 0 (7)

so that the inter-user interference asymptotically vanishes
under bounded Rx SNR (i.e., can be made as low as desired
provided the number of antennas is large enough).

III. FP FOR UNIFORM CIRCULAR ARRAYS

In this section, we first analyze FP for a finite number of
users with fixed and distinct AoA’s and show that favorable
propagation does hold for uniform circular arrays with any
fixed element spacing d > 0 under LOS propagation. Then,
we briefly discuss the case of unbounded number of users and
identify some scenarios where FP does not hold.

Note that the method of [3], which is based on the integral
sum representation, cannot be used under fixed d (since, in
this case, the summation does not converge to an integral).
Hence, new tools are needed. To this end, we will use the
generating function of Bessel coefficients and establish novel
upper bounds, from which the FP will follow without relying
on the integral sum representation.

A. Planar 2-D Case

Since the analysis is rather involved, we begin with the pla-
nar (2-D) case, when users are located in the plane of the UCA,
see Fig. 1 for an illustration, and then extend this to the full
3-D case. In this 2-D case under LOS propagation in the far
field, the normalized channel vectors can be expressed as1

h i = [ejψ0i , . . . , ejψ(N−1)i ]′, i = 1 · · ·M
ψni = 2πRN cos(φi − ϕn ), n = 0 · · ·N − 1 (8)

where ϕn = 2πn/N , RN = d |2 sin(ϕ1/2)|−1 is the circle
radius, d is the element spacing (normalized to the wave-
length), φi is the angle-of-arrival (AoA) of user i. The FP
property for this array geometry is established below.

Theorem 1: Favorable propagation holds for the UCA
under LOS propagation, (any) fixed element spacing d > 0
and any fixed number of users M < ∞ with distinct AoA’s,
i.e.,

φ1 �= φi , i = 2 · · ·M , ⇔ lim
N→∞

|αN | = 0 (9)

in the planar 2-D case.
Proof: See the Appendix.

1We omit here the common phase shift term ejϕi since it does not affect
FP; the LOS path loss is absorbed into the Rx signal power/SNR.
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Fig. 2. The full 3-D case geometry: users are not confined to the UCA plane.

It should be pointed out that Theorem 1 establishes that
the FP holds point-wise, i.e., for any given user (which can
be taken to be user 1, without loss of generality) under dis-
tinct AoAs, and not only statistically, as in the case of fading
channels and randomly-located users. Using the point-wise
convergence above, one can establish the FP for randomly-
located users as well, provided that the AoA distribution
function satisfies certain mild conditions.

It follows from the proof of Theorem 1 that |αiN | � 1
∀i ≥ 2, i.e., inter-user interference leakage is low, if

Nd 	
(
min
i≥2

| sin(φi/2)|
)−1

(10)

where we set φ1 = 0. This determines the minimum number
of antennas for low IUI leakage. If the users’ AoAs are dis-
tributed uniformly, then φ2 = 2π/M is the minimizer and, for
large M, this becomes

Nπd 	 M (11)

provided fixed d is not too large, eπd < M .
If the number of users M is allowed to grow unbounded with

N, then the FP does not hold anymore in general (but may hold
in some special cases). To see this, consider M = N users with
uniformly-distributed AoAs so that φi = 2π(i − 1)/N , i =
1 · · ·N , and use the proof of Theorem 1 to show that, in this
case,

lim
N→∞

αN ≥ lim
N→∞

|α2N | = |J0(2πd)| (12)

and J0(2πd) �= 0 unless 2πd is a null of J0(x ), where J0
is Bessel function of the 1st kind and order 0. For example,
J0(2πd) = J0(π) ≈ −0.3 if d = 1/2, so there is no FP
here. Equation (12) also holds for arbitrary AoAs distribution
provided that the nearest user (to user 1) is at 2π/N . FP may
also not hold even for a finite and fixed M if AoAs are not
fixed but some of them are allowed to approach that of user 1
arbitrarily closely as N grows. For example, let M = 2 and
φ2 = 2π/N so that

lim
N→∞

αN = |J0(2πd)| �= 0 (13)

i.e., the FP does not hold. Detailed study of these settings is
beyond the scope of this letter.

B. Extension to 3-D Case

Next, we consider the full 3-D case, see Fig. 2.

Proposition 1: Favorable propagation holds for the UCA
in the full 3-D case under LOS propagation, for (any) fixed
element spacing d > 0, any fixed M < ∞, and any distinct
and fixed AoA’s if and only if neither of the following holds
for any i ≥ 2:

1. θ1,i = 0 or π
2. φ1 = φi and θ1 = θi or θ1 = π − θi .
Proof: Follows along the lines of that of Theorem 1,

with proper modifications to accommodate 3-D setting. In
particular, the channel vector h i of user i can be expressed as

h i = [ejψ0i , . . . , ejψ(N−1)i ]′, i = 1 · · ·M
ψni = 2πRN sin(θi ) cos(φi − ϕn ), n = 0 · · ·N − 1 (14)

where ϕn = 2πn/N ; αiN can be expressed as

αiN =
1

N

N−1∑

n=0

ej2πRN (δ1i cosϕn+δ2i sinϕn )

=
1

N

N−1∑

n=0

ej2πRN δi sin(ϕn+βi )

= J0(zNi )+

∞∑

k=1

(ejkNβi+(−1)kN e−jkNβi )JkN (zNi ) (15)

where zNi = 2πRN δi , δi =
√
δ21i + δ22i , βi = arg(δ2i +

j δ1i ),

δ1i = sin θi cosφi − sin θ1 cosφ1

δ2i = sin θi sinφi − sin θ1 sinφ1 (16)

Now, |αiN | can be upper bounded as follows:

|αiN | ≤ 2

k1−1∑

k=0

|JkN (zNi )|+ 2
∞∑

k=k1

|JkN (zNi )|

= A1N ,i + A2N ,i (17)

Using (34) and (39), the desired result follows provided
δi �= 0, which gives the conditions of Proposition 1.

IV. FP FOR UNIFORM CYLINDRICAL ARRAYS

In this section, we consider a (Nc × N )-element uniform
cylindrical array (UCLA) consisting of Nc UCAs located on
top of each other, each with N elements, as shown in Fig. 3.
The aggregate channel vector h i of user i can be expressed
as follows:

h i = [h ′
i1, . . . ,h

′
iNc

]′ = h ih ⊗ h iv (18)

where h im is the channel vector of UCA m for user i, ⊗
denotes Kronecker product, h ih = h i1 is the 1st UCA street-
ing vector, h iv is the steering vector of vertical Nc-element
ULA whose entries hivm are the respective phase shift terms
(which account for phase shifts of UCA m with respect to 1st
UCA):

hivm = exp{j2π(m − 1)dv cos(θi )}, m = 1 · · ·Nc (19)

The interference leakage factors from i-th to main user are
denoted as follows:

αi =
1

NcN
h+
1 h i , αih =

1

N
h+
1hh ih , αiv =

1

Nc
h+
1vh iv
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Fig. 3. Uniform cylindrical array (UCLA) comprised of Nc UCAs located
on top of each other.

i.e., αh and αv represent the respective factors for a single
UCA and ULA (located in horizontal and vertical planes,
respectively). The following Proposition is instrumental in
establishing FP for the UCLA.

Proposition 2: Let h i have Kronecker structure as in (18).
Then, αi can be expressed as follows:

αi = αihαiv (20)

and, furthermore,

|αi | ≤ min{|αih |, |αiv |}. (21)

Proof: Observe the following:

αi = h+
1 h i/(NcN )

= (h1h ⊗ h1v )
+(h ih ⊗ h iv )/(NcN )

= (h+
1h ⊗ h+

1v )(h ih ⊗ h iv )/(NcN )

= (N−1
c h+

1vh iv )(N
−1h+

1hh ih) = αihαiv (22)

where 3rd and 4th equalities are due to the properties of
Kronecker products [19]. The inequality in (21) follows from
|αh,v | ≤ 1.

We note that this result holds for any array satisfying the
Kronecker product property in (18), not only cylindrical (e.g.,
it also holds for a planar array) and it can be extended to
Kronecker products of any number of vectors, not just 2.

We are now ready to establish the FP property for the
UCLA.

Proposition 3: Favorable propagation holds for the UCLA
in the full 3-D case under LOS propagation for (any) fixed ele-
ment spacings d, dv > 0, any fixed number of users M <∞
with distinct and fixed AoA’s in any of the two cases:

• Case 1: N → ∞ and, for all i ≥ 2, neither of the
following holds:

(a) θ1,i = 0 or π;
(b) φ1 = φi and θ1 = θi or θ1 = π − θi .

• Case 2: Nc → ∞, θ1 �= θi for any i ≥ 2, dv < λ/2.
Proof: Consider case 1. Using (18) and (21), one obtains:

lim
N→∞

|αi | ≤ lim
N→∞

|αih | = 0 (23)

from which the desired result follows, where the equality is
due to Proposition 1. Case 2 follows in a similar way (from
the FP property for the ULA).

Based on the above result, we conclude that, in order to
achieve favorable propagation, one should

• expand UCLA horizontally (N → ∞) if φ1 �= φi or if
θ1 �= θi and θ1 + θi �= π, or

• expand UCLA vertically (Nc → ∞) if θ1 �= θi , dv <
λ/2.

Clearly, simultaneous expansion (both vertically and
horizontally) is also possible to achieve the FP.

V. CONCLUSION

Favorable propagation is rigorously shown to hold in LOS
environment for uniform circular and cylindrical arrays with
(any) fixed antenna spacing if a given number M of users is
finite and their angles of arrival are fixed and distinct. Under
these conditions, inter-user interference can be made as low
as desired if the number N of antennas is large enough. Based
on the asymptotic analysis, a condition on N to approach
the FP closely is given. If either M grows unbounded with
N or if the AoAs are allowed to approach each other, the
FP does not hold in general but may hold in some special
cases.

APPENDIX

PROOF OF THEOREM 1

One can assume, without loss of generality (due to rotational
symmetry), that φ1 = 0 and φi �= 0, i ≥ 2, so that αiN can
be expressed as follows:

αiN =
h+
1 h i

N
=

1

N

N−1∑

n=0

ej2πRN [ cos(ϕn−φi )−cos(ϕn)]

=
1

N

N−1∑

n=0

ejzNi sin(ϕn−φi/2), zNi = 4πRN sin(φi/2) (24)

where ϕn = 2πn/N . Note that this sum does not converge
to an integral since |zNi | → ∞ as N → ∞ and hence the
method of [3] is not applicable. To overcome this difficulty,
we use a different approach, which is based on the generating
function of the Bessel coefficients [16, Sec. 2.22]:

ejx sin(φi ) =

+∞∑

m=−∞
ejmφiJm (x ) (25)

where Jm is Bessel function of 1st kind and order m, so that
αiN in (24) can be expressed as follows:

αiN =
1

N

+∞∑

m=−∞
e−jφim/2Jm(zNi )

N−1∑

n=0

ej2πmn/N

=

+∞∑

k=−∞
e−jkNφi/2JkN (zNi ) (26)

where (26) follows from

N−1∑

n=0

ej2πnm/N =

{
N if m = kN ,
0 if m �= kN

(27)

where k = 0,±1,±2, . . . To facilitate limit evaluation, we use
the following upper bound based on (26) and the symmetry
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property J−k = (−1)kJk :

|αiN | ≤ 2

k1−1∑

k=0

|JkN (zNi )|+ 2

∞∑

k=k1

|JkN (zNi )|

= A1Ni +A2Ni (28)

where we set k1 = eπd� (the usefulness of this choice will
be clear later on), x� is the smallest integer greater or equal
to x; A1Ni , A2Ni denote 1st and 2nd summation terms. Next,
we obtain sufficiently-tight upper bounds on A1Ni , A2Ni and
demonstrate that they converge to 0 as N → ∞. To upper
bound A1Ni , use

zNi = 4πRN sin(φi/2) =
2Nd sin(φi/2)

sinc(1/N )
(29)

where sinc(x ) = sin(πx )/(πx ), and observe that

2/π ≤ sinc(1/N ) ≤ 1 (30)

so that

2Nd | sin(φi/2)| ≤ |zNi | ≤ Nπd (31)

Combining (31) with the following upper bound [17], [18]

|Jk (x )| ≤ |x |−1/3 (32)

one obtains

|JkN (zNi )| ≤ |zNi |−1/3 ≤ |2Nd sin(φi/2)|−1/3 (33)

and an upper bound on A1Ni follows:

A1Ni ≤ 2

k1−1∑

k=0

|2Nd sin(φi/2)|−1/3

= 2k1|2Nd sin(φi/2)|−1/3 (34)

Next, we obtain an upper bound on A2Ni . To this end, we
will need the following technical Lemma, which presents a
novel upper bound on Bessel functions.

Lemma 1: If |x | ≤ 1, then

|Jn (nx )| ≤ |x · e/2|n . (35)

Proof: via the following inequalities:

|Jn (nx )| ≤
∣∣∣∣∣∣

x · exp
{√

1− x2
}

1 +
√
1− x2

∣∣∣∣∣∣

n

≤ |x |n · max
|t |≤1

(
e
√
1−t2

1 +
√
1− t2

)n

≤ |e · x/2|n (36)

where the first inequality in (36) is Kapteyn’s inequality
[16, Sec. 8.7] and the last inequality is due to the following:

max
|t |≤1

e
√
1−t2

1 +
√
1− t2

=
e

2
(37)

Using (31) and (35), one obtains

|JkN (zNi )| ≤
(
eπd

2k

)kN

(38)

so that A2Ni can be upper bounded as follows:

A2Ni ≤ 2

∞∑

k=k1

(
eπd

2k

)kN

≤ 2
∞∑

k=k1

qNk , q =

(
eπd

2k1

)

≤ 2

∞∑

k=k1

(1/2)Nk =
2(1/2)Nk1

1− (1/2)N
(39)

Using (34) and (39), one finally obtains

lim
N→∞

|αiN | ≤ lim
N→∞

(A1Ni+A2Ni )

≤ lim
N→∞

2�eπd�
|2Nd sin(φi/2)|1/3

+ lim
N→∞

2(1/2)N�eπd�

1−(1/2)N
= 0 (40)

and therefore limN→∞ |αiN | = 0, which implies
limN→∞ |αN | = 0, as required.

REFERENCES

[1] T. L. Marzetta, H. Yang, E. Larsson, and H. Q. Ngo, Fundamentals of
Massive MIMO. Cambridge, U.K.: Cambridge Univ. Press, 2016.

[2] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral effi-
ciency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436–1449, Apr. 2013.

[3] J. H. Chen, “When does asymptotic orthogonality exist for very large
arrays?” in Proc. IEEE GlobeCom, Nov. 2013, pp. 4146–4150.

[4] H. Q. Ngo, E. G. Larsson, and T. L Marzetta, “Aspects of favorable
propagation in massive MIMO,” in Proc. 22nd Eur. Signal Process. Conf.
(EUSIPCO), Sep. 2014, pp. 76–80.

[5] C. Masouros and M. Matthaiou, “Space-constrained massive MIMO:
Hitting the wall of favorable propagation,” IEEE Commun. Lett., vol. 19,
no. 5, pp. 771–774, May 2015.

[6] J. Hoydis, C. Hoek, T. Wild, and S. T. Brink, “Channel measurements
for large antenna arrays,” in Proc. Int. Symp. Wireless Commun. Syst.
(ISWCS), Aug. 2012, pp. 811–815.

[7] X. Gao, O. Edfors, F. Rusek, and F. Tufvesson, “Massive MIMO
performance evaluation based on measured propagation data,” IEEE
Trans. Wireless Commun., vol. 14, no. 7, pp. 3899–3911, Jul. 2015

[8] M. Gauger, J. Hoydis, C. Hoek, H. Schlesinger, A. Pascht, and
S. T. Brink, “Channel measurements with different antenna array
geometries for massive MIMO systems,” in Proc. 10th Int. ITG Conf.
Syst. Commun. Coding (SCC), Hamburg, Germany, Feb. 2015, pp. 1–6.

[9] S. Gunnarsson, J. Flordelis, L. Van Der Perre, and F. Tufvesson,
“Channel hardening in massive MIMO: Model parameters and experi-
mental assessment,” IEEE Open J. Commun. Soc., vol. 1, pp. 501–512,
2020.

[10] I. E. Telatar, Capacity of Multi-Antenna Gaussian Channels, Internal
Tech. Memo, Lucent Techn., Bell Lab., Murray Hill, NJ, USA,
Jun. 1995.

[11] S. Loyka and M. Khojastehnia, “Comments on ‘on favorable propagation
in massive MIMO systems and different antenna configurations,”’ IEEE
Access, vol. 7, pp. 185369–185372, 2019.

[12] E. G. Larsson, T. L. Marzetta, H. Q. Ngo, and H. Yang, “Antenna
count for massive MIMO: 1.9 GHz vs. 60 GHz,” IEEE Commun. Mag.,
vol. 56, no. 9, pp. 132–137, Sep. 2018.

[13] S. Rangan, T. S. Rappaport, and E. Erkip, “Millimeter-wave cellular
wireless networks: Potentials and challenges,” Proc. IEEE, vol. 102,
no. 3, pp. 366–385, Mar. 2014.

[14] T. S. Rappaport et al., “Wireless communications and applications above
100 GHz: Opportunities and challenges for 6G and beyond,” IEEE
Access, vol. 7, pp. 78729–78757, 2019.

[15] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions,
Nat. Bureau Stand., Washington, DC, USA, 1972.

[16] G. N. Watson, A Treatise on the Theory of Bessel Functions. London,
U.K.: Cambridge Univ. Press, 1966.

[17] L. Landau, “Bessel functions: Monotonicity and bounds,” J. London
Math. Soc., vol. 61, no. 1, pp. 197–215, 2000.

[18] I. Krasikov, “Uniform bounds for Bessel functions,” J. Appl. Anal.,
vol. 12, no. 1, pp. 83–91, 2006.

[19] J. R. Magnus and H. Neudecker, Matrix Differential Calculus with
Applications to Statistics and Econometrics. Chichester, U.K.: Wiley,
1999.

Authorized licensed use limited to: University of Ottawa. Downloaded on March 11,2022 at 21:33:25 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


