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A Novel Communication System of High Capacity
Michel Fattouche

Abstract—An objective of this article is to design a novel commu-
nication system that is capable of offering substantial improvement
in channel capacity compared to band-limited (BL) communication
systems, when constrained by the same spectral mask. To this
end, this article has two contributions. The first contribution is
theoretical. It derives the capacity of a time-limited (TL) system
across a mask-constrained channel contaminated by interference
and by additive white Gaussian noise, where doubling the channel
capacity requires only a fixed multiple increase in average received
signal-to-noise ratio (SNR). This is in contrast with BL systems,
which require a geometric multiple increase in SNR. The second
contribution is practical. It takes advantage of the theory estab-
lished in the first objective to design a novel TL system. This article
shows several designs of the novel system for a centralized multiple
access (MA) wireless network, which outperform current MA net-
works by an order of magnitude, including one design that is shown
to meet future 5G specifications without requiring mm-wave bands.

Index Terms—Fifth generation (5G) without mm-wave bands,
degrees of freedom, finite access time, mask matched, time limited
(TL).

I. INTRODUCTION

F IFTH-GENERATION (5G) wireless systems promise to
deliver ≥10 Gb/s download capacity across mm-wave

bands (26, 28, 38, and 60 GHz) with an estimated median
bandwidth (BW) of 3.5 GHz. Such bands suffer from a high
path loss (PL) and are not multipath rich. The high PL restricts
coverage to line-of-sight (LOS) communication, whereas a poor
multipath environment limits the number of spatial degrees of
freedom (DOF) in a multiple-input–multiple-output (MIMO)
system. By taking advantage of the existence of high-frequency
components in a time-limited (TL) system, this article shows
how to meet the 10 Gb/s requirement for 5G systems without
requiring mm-wave bands.

Wyner [1] first studied the capacity of a TL system in 1966, af-
ter constraining it to be approximately band limited (BL). When
the system is instead constrained to be root-mean-square (rms)
BL, reducing interference between input signals is accomplished
by minimizing the rms BW of each signal. The solution of such
a minimization was shown by Gabor in [2] to be one lobe of
a sine wave, a solution used subsequently in numerous papers
[3]–[5].

Over time, the notion that practical communication systems
are approximately BL was replaced by the notion that they are
indeed BL [6], [7] as far as the channel capacity is concerned.
This was because it was thought [8] that the high-frequency
components, which exist in a TL system and which fall far below
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the noise floor when the system is constrained by a spectral mask,
could not realistically contribute to the channel capacity of the
TL system. This article shows that such components can indeed
contribute significantly to the channel capacity based on the fact
that they represent an arbitrarily large number of DOF with the
ability to offer a linear signal-to-noise ratio (SNR) contribution
toward the capacity. This is in contrast with BL systems where
all DOF can only offer a logarithmic SNR contribution toward
the capacity. The notion that TL systems are able to offer an
arbitrarily large number of DOF was also observed in [3] and
[9], however, without realizing their ability to offer a linear SNR
contribution toward the capacity.

By taking advantage of such ability, it is possible to force
the channel capacity of the TL system to contain a new SNR
region, referred to as the medium SNR region, in addition to the
traditional low- and high-SNR regions found in the capacity of
a BL system [6]. The newly created SNR region allows for the
design of a novel TL system where doubling channel capacity
requires only a fixed multiple increase in SNR, as opposed to
a BL system, which requires a geometric multiple increase [8].
The novel TL system loads ≈1 b of information per complex
DOF. This is in contrast [6, p. 164] with either the low-SNR
region, which loads <1 b of information per complex DOF, or
the high-SNR region, which typically loads >1 b of information
per complex DOF.

Recently, several systems found a way to increase the number
of their DOF. Such systems include multiuser systems [7], [10],
[11], which form the basis for 3G wireless systems, and MIMO
systems [12]–[14], which are currently adopted in most cellular
standards, including 4G and 5G wireless systems. Multiuser
systems correspond to having K colocated users, each with a
spreading gain N , which is the number of their DOF, whereas
MIMO systems correspond to having K transmit antennas and
N receive antennas where the number of DOF ≤ min{K,N}
[13]. Despite the fact that both systems have the ability to
arbitrarily increase the number of their DOF, their respective
capacities do not contain a medium SNR region since both
systems fail to realize that, under certain conditions, some DOF
can offer a linear SNR contribution toward the capacity.

This article is structured as follows. Section II presents
Theorems I, II, and III, which derive the capacity of a TL system
across a communication channel contaminated by additive white
Gaussian noise (AWGN) and by interference, with and without a
mask constraint. Section III introduces three steps for designing
a novel TL system, based on Theorems I and III and also on
achieving a desired capacity 𝒞d. The first design step selects the
number of DOF required for achieving 𝒞d. The second design
step enhances the contribution of the selected DOF, whereas
the third design step randomizes the DOF using a pseudo-
random (PR) phase. Theorem IV generalizes Theorem III by
including the effects of the selected, enhanced, and randomized
DOF in the novel TL system across an interference-limited
mask-constrained channel. Section IV proposes a system
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architecture that is adequate for the novel TL system. Section V
implements three designs of the novel TL system, which out-
perform current centralized mask-constrained MA networks by
an order of magnitude, with Section VI compiling the results of
their downlink and uplink portions. Section VII concludes this
article.

II. TL SYSTEMS

Based on the multiuser model in [7, eq. (1.1)], an information
vector �α ∈ CQ×1, consisting of Q information symbols, can be
transmitted as a vector �x ∈ CM×1, defined as

�x
Δ
= h�α. (1)

Unlikeh in [7], which is anN ×K block matrix,h ∈ CM×Q

in (1) is a block Toeplitz [15] matrix. In other words

h
Δ
= toep𝒹

{
�h
}

(2)

where toep𝒹{�h} is an operator, which forms h by repeatedly
replicating the submatrix �h to the right L− 1 times, while
cyclically shifting �h down by 𝒹 rows for every single replica
to the right, with L defined as, the ceiling of Q/K. �h ∈ CM×K

is defined as �h
Δ
= [

hBasic

0𝒹(L−1)×K
] where hBasic ∈ CN×K is referred

to as the basic building block, whereas 0𝒹(L−1)×K is the all zero

matrix, with 𝒹 ≤ N and M
Δ
= N + 𝒹(L− 1).

Interpretation of h: Since each column of h is responsible for
transporting one information symbol in �α, therefore, �x in (1) can
model a K−user TL system with spreading gain [7] N < ∞
with a number Kd of desired transmitters (Txs) intended for
a receiver Rx and a number Ki of interfering Txs, s.t. K =
Kd +Ki. We assume in this article that Kd = 1 and that the
kth active Tx transmits a vector �xk transporting the set of L
symbols, {αk, αk+K , . . . , αk+(L−1)K}, after converting �xk into
a continuous-time signal, xk(t), of finite duration MTs, with Ts

the duration of one sample in �x.
Theorem I assumes the following.
1) The kth Tx transmits xk(t) subject to Constraint 1

Constraint 1:
∫ ∞

−∞
𝒮xk(t) (f) df ≤ p ∀k

where p is the average allocatable transmit power at any
Tx.

2) The kth Tx transmits xk(t) using a single antenna across a
communication channel where it is received at Rx using a
single antenna. The received signal y(t) is then sampled at

Rx at a sampling frequency fs
Δ
= 1/Ts to form a discrete-

time signal �y ∈ Cℳ×1 defined as

�y
Δ
= hCh �α+ �w (3)

where hCh ∈ Cℳ×Q corresponds to h after including the
effects of the channel, such as replacing M by a number
ℳ ≥ M , and �w ∈ Cℳ×1 models the WGN. We refer to
the combination of the TL system and channel as a TL
channel.

Theorem I: The capacity 𝒞TL of the TL channel correspond-
ing to hCh in (3), subject to Constraint 1, is

𝒞TL =
1

MTs

rank(hCh)∑
k=1

log2

(
1 + Λk

�̄�Kp

Nofs

)
b/s (4)

where No/2 is the two-sided power spectral density (PSD) of the
WGN, �̄� is the average attenuation in power across the channel,
and Λk is the kth-squared singular value of a normalized hCh

s.t. its kth column {hCh}k has on average an L2-norm, which
equals 𝒹 ∀k.

Proof of Theorem I: See Appendix A.
Importance of Theorem I: 𝒞TL in (4) consists of several

regions, which depend on the average received TL SNR, �̄�Kp
Nofs

.
Similar to the capacity 𝒞BL of a BL system [10], 𝒞TL in (4)
consists of a low-SNR region and a high-SNR region. Unlike
BL systems, 𝒞TL in (4) also contains a new medium-SNR
region, when a number n of the terms Λk

�̄�Kp
Nofs

in (4) are � 1

s.t. log2(1 + Λk
�̄�Kp
Nofs

) ≈ log2e Λk
�̄�Kp
Nofs

. When 𝒞TL is in the
low-SNR region, n = rank(hCh). When 𝒞TL is in the high-
SNR region, n = 0. When 𝒞TL is in the medium-SNR region,
0 < n ≤ rank(hCh).

Given that the communication channel in this article is to be
constrained by a spectral mask, Theorem I must be modified
to include a mask constraint. First, we define the BW of xk(t);
then, we introduce the mask constraint.

Definition of the BW of xk(t): Since xk(t) is TL, its
PSD 𝒮xk(t)(f) exists over the entire frequency domain f ∈
{−∞,∞}, allowing for numerous definitions of BW to exist.
In this article, we adopt the same definition of BW as the one
adopted by the International Telecommunication Union (ITU)
[16], which defines transmitter spectrum emissions as falling
into three distinct bands: 1) occupied band emission with a
BW 𝒲; 2) out-of-band-emission (OOBE) band with a BW
𝒲OOBE; and (c) far-out-spurious-emission (FOSE) band with
an allowable power level ≤ 1

ℛ
. By adopting the same definition

for BW as the ITU, we select the BW 𝒲TL of the TL system to
be defined as the BW 𝒲 of the occupied band.

Spectral Mask Constraint: All systems considered in this
article are constrained by a spectral mask PMask(f). In other
words, xk(t) is subject to Constraint 2

Constraint 2 : 𝒮xk(t) (f) ≤ �PMask (f) ∀f, ∀k
where � is a normalization constant, which depends on p,
PMask(f), and h. According to the ITU, 𝒲 must be selected ≤
𝒲m where𝒲m is the BW of PMask(f). This implies that𝒲TL

must be selected≤𝒲m as well. For this reason, we define in this
article an overhead factor,𝓇

Δ
=𝒲TLNTs ≥ 1, as the overhead,

both in time and in frequency, which is required for xk(t) to
comply with Constraint 2. It is selected such that 𝒲TL ≤𝒲m

or equivalently, N is selected s.t. N ≥ Nmin
Δ
= 𝓇

𝒲m Ts
.

Under Constraints 1 and 2, 𝒞TL in (4) can be expressed as

𝒞TL =
𝒲m

𝓇

Nmin

M

rank(hCh)∑
k=1

log2

(
1 +

Λk𝓇

Nmin

�̄�Kp

No𝒲m

)
. (5)

Similarly, under Constraints 1 and 2, a BL system, of fixed
BW𝒲BL selected as𝒲BL =𝒲m has a BL capacity 𝒞BL given
as [10]

𝒞BL =
𝒲m

𝓇BL
log2

(
1 +

�̄�Kp

No𝒲m

)
b/s (6)

where 𝓇BL is defined as the overhead factor, both in time and
in frequency, which is required for the BL system to comply
with Constraint 2. When �̄�Kp

No𝒲m
> 1, (6) implies that doubling
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Fig. 1. Comparison of capacity/𝒲m between TL and BL systems.

𝒞BL, with a fixed BW, requires a geometric multiple increase in
�̄�Kp

No𝒲m
since its contribution toward 𝒞BL is logarithmic.

Fig. 1 compares 𝒞TL/𝒲m in (5) (shown with green “.”
markers) with 𝒞BL/𝒲m in (6) (shown with blue “∗” mark-
ers) when 𝓇 = 𝓇BL = 1, 𝒹 = K = 1 and the kth column,
{hCh}k of hCh corresponds to a rectangular pulse ∀k. In Fig. 1,
𝒞TL/𝒲m in (5) is illustrated as a number of curves, each
curve corresponding to a value of Nmin. The selected values
are Nmin = 1, 2, 4, . . . , 1024, with Nmin = 1 coinciding with
𝒞BL/𝒲m in (6). Similar to 𝒞BL/𝒲m in (6) , 𝒞TL/𝒲m in (5)
contains a “Low” SNR region and a “High” SNR region. Unlike
𝒞BL/𝒲m in (6), 𝒞TL/𝒲m in (5) also contains a medium-SNR
region, denoted as “Med.” in Fig. 1 where doubling 𝒞TL/𝒲m

in (5) requires a fixed multiple increase in Λk𝓇
Nmin

�̄�Kp
No𝒲m

since its
contribution toward 𝒞TL is mostly linear.

Interpretation of Fig. 1: The medium-SNR region is created
in 𝒞TL in (5) when the average received BL SNR, �̄�Kp

No𝒲m
, is

>1 while �̄�Kp
No𝒲m

Λk𝓇
Nmin

is � 1. In other words, Λk𝓇
Nmin

must be

much smaller than �̄�Kp
No𝒲m

in order to create the medium-SNR
region. The source for having Λk small and Nmin large while
keeping 𝓇 < ∞ is having an arbitrarily large number [9] of
complex DOF, while complying with Constraint 2. In a practical
design requiring finite latency, all DOF must have a finite access
time (FAT). We refer to such a set of DOF as FAT, and observe
that only TL systems have an arbitrarily large number of FAT
DOF in its high-frequency components, whereas BL systems
have only a finite number of FAT DOF since it does not contain
high-frequency components.

Attribute ofh for𝓇 to be< ∞: Given that the communication
channel in this article is to be constrained by a spectral mask with
𝓇 < ∞, it is imperative to analyze the PSD, 𝒮xk(t)(f) of xk(t).
An important attribute of h, which affects the spectral decay
[17] of 𝒮xk(t)(f), is the degree of differenciability (DOD), ℵ,
of the kth column, {h}k of h, defined as the number of times
{h}k can be differenced in time until a Dirac delta impulse δ

appears. Mathematically, this implies that ℵ Δ
= min{�Δn

k }l=δ{n}
where {�Δn

k}l is the lth element in the differencing vector �Δn
k of

order n, corresponding to {h}k, and defined as
{
�Δn

k

}
l

Δ
=
{
�Δn−1

k

}
l+1

−{
�Δn−1

k

}
l

for l ∈ {1, . . . , L− n}, n ∈ I

with initial condition: {�Δ0
k}l Δ

= {h}k,l, l ∈ {1, . . . , L− 1}.

Examples of ℵ are as follows:
1) when {h}k is a TL rectangular pulse, ℵ = 1;
2) when {h}k is one lobe of a sine wave [2], ℵ = 2;
3) when {h}k is a pseudonoise (PN) sequence, ℵ = 0.
The following two DOD properties are used below.
1) DOD Property I: When {h}k is the sum of two TL

vectors, {h1}k and {h2}k, i.e., {h}k = {h1}k + {h2}k,
with respective DOD, ℵ1 and ℵ2, its resulting DOD ℵ is
asymptotically equal to limN→∞ℵ = min(ℵ1,ℵ2).

2) DOD Property II: When {h}k is the linear or circular
convolution between two TL vectors, {h1}k and {h2}k
with respective DOD, ℵ1 and ℵ2, its resulting DOD, ℵ, is

ℵ = ℵ1 + ℵ2.

Theorem II derives the slope of the medium-SNR region as a
function of the DOD, ℵ > 0, of hCh.

Theorem II: Doubling 𝒞TL in (4) across its medium-SNR
region requires increasing �̄�Kp

Nofs
by a fixed multiple of 22ℵ.

Proof of Theorem II: See Appendix B.
The following constraint derives the modulation, which max-

imizes n, when using a minimum mean square error with succes-
sive interference cancellation (MMSE-SIC) detector [6, Ch. 8] at
Rx, selected for its low complexity and its asymptotic optimality
under certain conditions [23]. This constraint maximizes 𝒞TL in
the medium-SNR region.

Modulation Constraint: According to [7, p. 6], minimizing the
arithmetic mean of the MMSE at Rx is equivalent to maximizing

d
d SNRk

log2(1 +
SNRk

𝓅k
) ∀k where SNRk is the received SNR

corresponding to {hCh}k while 1
𝓅k

is its multiuser efficiency [7].
Unlike water-filling [6], which deals with parallel channels, the
solution for such optimization is SNRk

𝓅k
= 1 ∀k. This implies

that the modulation of choice for the elements of �α is to load
each complex DOF by 1 b of information. According to [7], the
low-SNR region corresponds to loading<1 b per complex DOF,
whereas the high-SNR region typically corresponds to loading
>1 b per complex DOF. When 𝒜k �= �̄� for some k, we use
instead

Constraint 3: min
k

{SNRk} ≥ max
k

{𝓅k} .

Theorem III modifies Theorem I to include a mask constraint
and a modulation constraint.

Theorem III: The capacity 𝒞TL of the TL channel corre-
sponding to hCh in (3), subject to Constraints 1–3, with K ≤ 𝒹
and with ℵ > 0 is

𝒞TL =
𝒲m

𝓇

N

M

Q∑
k=1

log2

(
1 +

SNRk

𝓅k

)
bps (7)

where 𝓅k is asymptotically ∝ 1
𝓇
K2ℵ−1N2ℵ

𝒹 as N � 1 with

N𝒹
Δ
= �N/𝒹�, the ceiling of N/𝒹, and N ≥ Nmin, using an

MMSE-SIC detector at Rx.
Proof of Theorem III: See Appendix C.

Importance of Theorem III is as follows.
In Fig. 1 𝒞TL/𝒲m in (7) is illustrated as a number of points

(shown with red “square” markers), each corresponding to a
value of Nmin. Fig. 1 shows that Constraint 3 maximizes 𝒞TL

in the medium-SNR region. Based on (7) and Constraint 3,
limL→∞𝒞TL ≥ 𝒲m

𝓇
NK
𝒹

. Therefore, doubling limL→∞𝒞TL by
doubling N

𝒹
, for a fixed 𝒲m

𝓇
and K, requires increasing SNRk

by a fixed multiple of 22ℵ. Similarly, doubling limL→∞𝒞TL by
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doubling K, for a fixed 𝒲m

𝓇
and N

𝒹
, requires increasing SNRk

by a fixed multiple of 22ℵ−1 as long as K ≤ 𝒹. The next section
introduces a novel mask-matched TL system with FAT DOF,
referred to as an MTF system.

III. MTF DESIGN

Design Problem:h in (1) is to be designed based on Theorems
I and III with the goal of achieving a desired channel capacity
𝒞d for a given channel constrained by a mask PMask(f) of BW
𝒲m. Three design steps, MTF Design Steps I–III, are shown
ahead, followed by a proposed MTF design implementation. All
three steps attempt to design h such that the minimum required
average received SNR is minimized for a given desired capacity
𝒞d and for a given mask PMask(f). This requires designing h

s.t. the set {Λk}rank(hCh)
k=1 of squared singular values of hCh

in (3) has a variance that is minimized while complying with
Constraint 2.

MTF Design Solution: First, we define Ts,max
Δ
= K

Δ𝒞d
≥ 1/fs

as a function of K and 𝒹, which depends on the selected TL
channel. For example, when the TL channel has relatively low
interference, such as with K = 1, one can select the TL system
to be with memory [7], i.e., with 𝒹 = 1 < N , implying that
Ts,max = 1

𝒞d
≥ 1/fs or fs ≥ 𝒞d. On the other hand, when the

TL channel has relatively high interference, i.e., with K � 1,
one can select the TL system to be memoryless [7], i.e., with
𝒹 = N , implying that Ts,max = K

N𝒞d
≥ 1/fs or fs ≥ N

K𝒞d.
MTF Design Step I: For a fixed Ts ≤ Ts,max, select the

number N of FAT DOF as N
Δ
= N𝒮 +Nℐ, where the following

statements hold:
1) N𝒮 is defined as the number of shaping FAT (S-FAT) DOF

selected such that N𝒮 ≥ Nmin in order to comply with the
BW constraint, 𝒲TL ≤𝒲m, of PMask(f), whereas

2) Nℐ is defined as the number of interpolating FAT (I-FAT)
DOF obtained through the creation of interpolated sam-
pled frequencies inside the existing band.

Power is taken from existing frequencies and allocated to the
newly formed frequencies s.t. Constraint 1 is preserved.

MTF Design Step II: Once N is selected and the newly sam-
pled frequencies are created,𝓅k can be reduced by equalizing the
power, E{|Hk(Ω)|2}, across Ω ∈ [−π, π] as much as possible,
while preserving Constraint 2, whereHk(Ω) is the discrete-time
Fourier transform (DTFT) of the kth column, {h}k ofh andΩ is
the normalized frequency. This equalization is defined as taking
power from frequency samples with above average power and
allocating it to frequencies with below average power, thereby
preserving Constraint 1. It can be shown using Karamata’s
inequality [18] that such power allocation reduces the variance
of {Λk}rank(hCh)

k=1 hence increasing 𝒞TL.
MTF Design Step III: Once N is selected, the newly sampled

frequencies are created, and the power, E{|Hk(Ω)|2}, across
Ω ∈ [−π, π] is equalized as much as possible,𝓅k can be reduced
by selecting the phase in Hk(Ω), s.t. the entries of h are zero
mean RVs, ideally Gaussian. This assignment of the phase in
Hk(Ω) does not affect the power, E{|Hk(Ω)|2}, across Ω ∈
[−π, π], and thus, preserves Constraints 1 and 2.

Nomenclature: We refer to h designed based on MTF Design
Steps I–III, and subject to Constraints 1–3, as an MTF matrix.
In this case, we denote h as hMTF, hCh as hMTF,Ch, hBasic as

hB_MTF, and 𝒞TL in (7) as 𝒞MTF, and refer to the combination
of the MTF system and of the channel as the MTF channel.

MTF Design Implementation: An implementation of MTF
Design Steps I–III is proposed here where the kth column,
{hMTF}k, of hMTF, is expressed as a sum

{hMTF}k Δ
= �℘k,ℵ + �℘k,0 (8)

of two vectors, �℘k,ℵ and �℘k,0, defined as follows.
Vector I: �℘k,ℵ ∈ CN×1 is a pulse vector with a DOD, ℵ > 0,

selected in order for {hMTF}k to comply with the BW con-
straint, i.e., 𝒲TL ≤𝒲m, of PMask(f). It is formed using ℵ
linear convolutions (each denoted by ∗)

�℘k,ℵ
Δ
=

(
�h1,k � �g1,k

)
∗, . . . , ∗

(
�hℵ,k � �gℵ,k

)
∗�bk (9)

between ℵ+ 1 > 0 vectors, with the lth vector, (�hl,k � �gl,k)
for l ≤ ℵ, formed as a circular convolution (denoted by �)
between a zero mean PR vector,�gl,k ∈ CNl×1 with aDOD = 0,
and a vector pulse, �hl,k ∈ CNl×1 with a DOD = 1, whereas
�bk ∈ CNℵ+1×1 is a zero mean PR vector with a DOD = 0. The
firstℵ − 1 linear convolutions produceN𝒮

Δ
=

∑ℵ
l=1 Nl − ℵ+ 1

S-FAT DOF, whereas the last produces Nℐ
Δ
= Nℵ+1 − 1 I-FAT

DOF.
Vector II: �℘k,0 ∈ CN0×1 is a PR vector with a DOD = 0

selected s.t. {hMTF}k complies with the FOSE constraint of
PMask(f), i.e., with a power level Sxk(t)(f) ≤ 1

ℛ
in the FOSE

band. It is possible to generalize N0 so that it is not necessarily
equal toN . For example, it is possible to selectN0 = 0, implying

that �℘k,0 is not included in (8), or equivalently {hMTF}k Δ
=

�℘k,ℵ. It is also possible to select N0 > N . In this case, N0 −N
zeros must be appended to �℘k,ℵ in (9) in order for �℘k,ℵ and
{hMTF}k to have a total length of N0.

The reasoning behind separating {hMTF}k in (8) into two
vectors, �℘k,ℵ and �℘k,0, is that it is difficult to simultaneously
comply with the following:

1) the BW constraint, i.e., 𝒲TL ≤𝒲m, of the mask; and
2) the FOSE constraint, i.e., 𝒮xk(t)(f) ≤ 1

ℛ
, of the mask

using a single vector with a single DOD. By taking advantage
of DOD Property I, summing �℘k,ℵ and �℘k,0 results in {hMTF}k
having a DOD ℵ, since �℘k,0 has a DOD = 0.

The reasoning behind using circular convolutions in �℘k,ℵ in
(8) is that it is difficult to use a single vector with a single DOD
while achieving the following two requirements:

1) the entries of {hMTF}k are zero mean RVs, whereas
2) {hMTF}k complies with the constraint that𝒲TL ≤𝒲m.
By taking advantage of DOD Property II, circularly convolv-

ing �hl,k with �gl,k produces a vector with a DOD = 1 since the
DOD for �gl,k is 0, implying that �℘k,ℵ has a DOD ℵ. The pulse
�℘k,ℵ is made to comply with𝒲TL ≤𝒲m by properly selecting
ℵ and 𝓇.

Theorem IV: The MTF channel corresponding to {hMTF}k
in (8) with Nℐ = 0 under Constraints 1–3, has a capacity 𝒞MTF

identical to 𝒞TL in (7) except 𝓅k is proportional to

𝓅k ∝
⎛
⎝ 1 + N0

λℛ
1

𝒸K,N,𝒹,ℵ 1
𝓇

K2ℵ−1N2ℵ
𝒹

+ 𝒸N0,0
𝓇N0

λℛN

⎞
⎠ as N � 1

(10)
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Fig. 2. Comparison of capacity/𝒲m between MTF and BL systems.

where 𝒸K,N,𝒹,ℵ and 𝒸N0,0 are the coefficients of proportionality

corresponding to �℘k,ℵ and �℘k,0 in (8) respectively, with λ
Δ
=

p/�, using an MMSE-SIC detector at Rx.
Proof of Theorem IV: See Appendix D.

Importance of Theorem IV. Based on (10), 𝒞MTF consists of
two medium-SNR regions, as shown in Fig. 2. As N increases,
doubling 𝒞MTF initially requires increasing the SNR by a fixed
multiple of 22ℵ, which is the first medium-SNR region, referred
to as “1st Med.” in Fig. 2. Then, later on it requires increasing the
SNR by a fixed multiple of 2, which is the second medium-SNR
region, referred to as “2nd Med.” in Fig. 2. Fig. 2 compares
𝒞MTF/𝒲m based on (10) with 𝒞BL/𝒲m in (6), where 𝓇 =
𝓇BL = 1, ℵ = 1, 𝒹 = K = 1, and �℘k,ℵ in (8) is a rectangular
pulse with �℘k,0 in (8) 30 dBr below �℘k,ℵ. In Fig. 2, 𝒞MTF/𝒲m

without Constraint 3 is illustrated as a number of curves (with
green “.” markers), each curve corresponding to a value of
Nmin.𝒞MTF/𝒲m with Constraint 3 is illustrated as a number of
points (with red “square” markers), each point corresponding to
a value ofNmin. Fig. 2 shows that indeed Constraint 3 maximizes
𝒞MTF/𝒲m in both medium-SNR regions.

Under certain conditions, the following asymptotic limits can
be reached.

1) When N0

λℛ
� 1, Theorem IV reduces to Theorem III.

2) When N0

λℛ
� 1 and 𝒸N0,0

𝓇N0

λℛN � 1
𝒸K,N,𝒹,ℵ 1

𝓇
K2ℵ−1N2ℵ

𝒹

, we

have

lim
N0→∞

𝓅k =
N

𝓇
(11)

This limit applies to the case when PMask(f) corre-
sponds to the the IEEE 802.11 WLAN mask, denoted as
PWiFi(f).

3) When N0

λℛ

Δ
= 𝓆� 1 with 𝓆 a constant and 𝒸N0,0

𝓇N0

λℛN �
1

𝒸K,N,𝒹,ℵ 1
𝓇

K2ℵ−1N2ℵ
𝒹

, we have

lim
N0→∞

𝓅k =
N

𝓆𝓇
(12)

This limit applies to the case when PMask(f) corresponds
to the 3GPP LTE (E-UTRA) mask, denoted as PLTE(f).

This concludes the theoretical component of this article.
Based on such a component, the following two sections design
practical MTF systems using realistic constraints.

IV. MTF ARCHITECTURE

Section IV-A introduces the constraints that are generally
imposed on wireless communication systems such as standard-
imposed spectral masks, as well as the effects of fading and
interference across the wireless channel. Section IV-B proposes
several MTF designs based on the constraints introduced in
Section IV-A, whereas Section IV-C introduces an architecture
that is suitable for allowing various MTF systems to communi-
cate with each other when colocated while using the same band.

A. Design Constraints

First, we select two important PMask(f), namely PWiFi(f)
and PLTE(f). Then, we model the wireless channel and exam-
ine its effects on the MTF architecture including the types of
interference and restricted bands across such a channel.

Selection of PMask(f): In order to include Constraint 2 in
Design Steps I–III, and in order to derive a fair comparison with
existing systems, we define PWiFi(f) and PLTE(f):

1) The IEEE 802.11 WLAN mask for a 20-MHz BW is

PWiFi (f)

Δ
=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 dBr |f | ≤ 9 MHz
line from 0 to −20 dBr 9 MHz ≤ |f | ≤ 11 MHz
line from −20 to −28 dBr 11 MHz ≤ |f | ≤ 20 MHz
line from −28 to −40 dBr 20 MHz ≤ |f | ≤ 30 MHz

−40 dBr 30 MHz ≤ |f |.
In PWiFi(f), the first frequency band, |f | ≤ 9 MHz, corre-
sponds to the occupied band with a BW,𝒲m = 18 MHz.
The middle three frequency bands correspond to OOBE
with a BW,𝒲OOBE = 42 MHz. The last frequency band,
|f | ≥ 30 MHz, correspond to the FOSE band with an
infinite BW and a power level 1/ℛ = −40 dBr.

2) The 3GPP LTE (E-UTRA) mask, PLTE(f), is defined for
a 1.4, 3, 5, 10, 15, and 20 MHz BW, as having ≤1%
OOBE BW, or equivalently, 𝒲m must contain ≥99% of
the total integrated mean power in xk(t) ∀k.

Modeling of the Wireless Channel: When fs
Δ
= 1/Ts is ≥

8 MHz and NTs ≤ 1 ms, the wireless channel can be mod-
eled as a frequency-selective slowly fading channel affected by
a frequency-dependent PL modeled after Friis free-space PL
(FSPL) model [6]. Mathematically, such a channel can be mod-
eled as a linear time-invariant (LTI) system, and characterized
using a discrete-time random impulse response �hCh of finite
length δN referred to as the discrete delay spread of the channel.
Moreover, the fading can be modeled either as Rayleigh for a
non-LOS channel or as Rician with a strong LOS component
for a LOS channel.

Effects of the selected wireless channel model are as follows.
1) Mathematically, the main effect of the frequency-selective

channel is to linearly convolve each column {hMTF}k in
hMTF with �hCh. The outcome of such a convolution is a
new MTF matrix, hMTF,Ch ∈ Cℳ×Q, defined as

hMTF,Ch
Δ
= toep𝒹

{
�hMTF,Ch

}
(13)
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where �hMTF,Ch ∈ Cℳ×K has hB_MTF replaced by

hB_MTF,Ch ∈ C𝒩×K with M replaced by ℳ
Δ
=𝒩+

𝒹(L− 1), N replaced by 𝒩
Δ
= N + δN − 1 and No re-

placed by 𝒩o
Δ
= No + δN − 1. The increase in N and in

No by δN − 1 is equivalent to an increase in the number,
Nℐ, of I-FAT DOF in the MTF system by δN . Based
on DOD Property II, the linear convolution between �hCh

and the kth column, {hMTF}k, in hMTF implies that the
resulting DOD is equal to the sum between the original
DOD ℵ and the DOD ℵCh of the wireless channel. Based
on the adopted frequency-selective fading model of the
wireless channel, ℵCh = 0. In other words, the resulting
DOD of hMTF,Ch is equal to the original DOD of hMTF

when the wireless channel is frequency-selective.
2) The wireless channel can be equivalently characterized in

the frequency domain by the DTFT of �hCh, also referred
to as its transfer function (TF), HCh(Ω). This implies that
the following continuous-frequency product:

HMTFk,Ch (Ω)
Δ
= HMTFk

(Ω)HCh (Ω) ∀Ω ∈ [−π, π]
(14)

can replace the linear discrete-time convolution between
{hMTF}k and �hCh where HMTFk,Ch(Ω) is the DTFT of
the kth column, {hMTF,Ch}k, of hMTF,Ch.

3) Friis FSPL model [6] is based on E{|HCh(Ω)|2} being
inversely proportional to |Ω|2, i.e.,

E
{
|HCh (Ω)|2

}
∝ 1

|Ω|2 ∀Ω ∈ [−π, 0) ∪ (0, π] (15)

where E{.} denotes expectation w.r.t. HCh(Ω) at Ω, as-
suming it is ergodic. Based on (15), it is possible to see
that the FSPL has a DOD equal to 1. In other words, the
effect of the FSPL is to increase the original DOD ℵ of
{hMTF}k by 1 if the carrier frequency, fc = 0, otherwise,
the effect of the FSPL on ℵ depends on fc.

Based on all effects of the wireless channel, Theorem IV is
still valid after replacing HMTFk

(Ω) by HMTFk,Ch(Ω), M by
ℳ, and after re-evaluating ℵ based on fc. In order to preserve
the original DOD, ℵ, of hMTF a prechannel filter is required at
Tx, which is discussed in Section IV-B.

Modeling of Interference: Two types of interference exist
across a wireless network, which are as follows:

1) narrow-band interference (NBI), defined as having a width
≤125 MHz;

2) wideband interference (WBI), defined as having a width
>125 MHz.

NBI encompasses transmissions from existing systems such
as LTE and Wi-Fi systems, whereas WBI encompasses trans-
missions from ultrawideband (UWB) systems and from other
MTF systems. Several studies have indicated low utilization of
the frequency bands at frequencies>2 GHz, as shown in Table I,
which displays the average duty cycle versus frequency range
≤7075 MHz based on results in [19] in an urban environment.
Table I is consistent with several other studies [20], [21] of urban
centers across North America and Europe. All studies indicate
an exponential decline in utilization directly proportional to
frequency f . We refer to frequency ranges with known heavy
utilization as ℬHU.

TABLE I
AVERAGE UTILIZATION DUTY CYCLE

Restricted bands ℬRB: Further to having to contend with
both NBI and WBI, some bands, referred to as ℬRB, have been
deemed restricted by the regulatory bodies (47 CFR 15.205).

B. Pulse and Filter Design

Based on the knowledge of the statistics of the wireless
channel including its model, the types of interference across
it and the existence of ℬRB, this article designs pulses such as
�hl,k, �℘k,0, �gl,k as well as filters such as a prechannel filter at Tx,
and a postchannel filter at Rx with the goal of optimizing 𝒞MTF

subject to Constraints 1–3.
Design of �hl,k ∈ CNl×1: A fundamental design for �hl,k in

(9) is a rectangular pulse. Even though it has all its zeros on the
unit circle, it is possible to move its zeros away from the unit
circle by shifting it in frequency by 1/2NlTs. This shift forms
a complex pulse �hREC,l,k with a real part in the shape of one
lobe of a cosine wave and an imaginary part in the shape of a
negative lobe of a sine wave. When all �hl,k ∀l are selected as
�hREC,l,k, �℘k,ℵ in (9) is denoted as �℘REC,ℵ. When �℘k,ℵ in (9) is

selected as �℘REC,1, λ
Δ
= p/� in Theorem IV is asymptotically

equal to π. In this case, the amplitude of �℘REC,1 is selected to
comply with Constraint 1.

Design of �℘k,0 ∈ CN0×1: A possible design of �℘k,0 in (8) is

�℘k,0 =
√

�/ℛ𝒟ℱ𝒯−1
{[

ejϑk,1 · · · ejϑk,N0

]T}
(16)

where 𝒟ℱ𝒯−1 denotes an inverse discrete Fourier transform
(DFT) operation; and the phase, ϑk,i ∈ {0, 2π}, is chosen as
PR with a uniform distribution across {0, 2π} for 1 ≤ i ≤ N0.
�℘k,0 is also known as a frequency-based PR polyphase signature.

Design of −→g l,k ∈ CNl×1: A possible design of −→g l,k in (9) is

−→g l,k = 𝒟ℱ𝒯−1
{[

ejϑl,k,1 · · · ejϑl,k,Nl

]T}
(17)

with the phase, ϑl,k,i ∈ {0, 2π}, chosen as PR with a uniform
distribution across {0, 2π} for 1 ≤ i ≤ Nl, similar to �℘k,0 in
(16), except that ϑl,k,1 must equal ϑl,k,Nl

in order to mini-
mize the overhead factor 𝓇. Since the wireless channel forces
HMTFk

(Ω) in (14) to be multipled by HCh(Ω), the resulting
product HMTFk,Ch(Ω) forces −→g l,k in (17) to be replaced by

−→g l,k,Ch = 𝒟ℱ𝒯−1
{[ |al,k,1| ejϑl,k,1 · · · |al,k,𝒩l

| ejϑl,k,𝒩l

]T}
(18)

when N𝒾 = 1 and ℵ = 1 where |al,k,1|, . . . , |al,k,𝒩l
| are ran-

dom amplitudes, which have either a Rician distribution with
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a strong LOS component across a LOS channel, or a Rayleigh

distribution across a NLOS channel, and 𝒩l
Δ
= Nl + δN − 1.

Selection of 𝓆 when PMask(f) ≡ PLTE(f): This article se-
lects 𝓆 in (12) as 0.5% and allocates the remaining 0.5% to the
OOBE BW in �℘k,ℵ. Under Constraint 2, (12) can be rewritten
as limN0→∞𝓅k = (N/𝓇)dB + 23 dB.

Design of prechannel filtering at Tx: In order to comply with
ℬRB (47 CFR 15.205), and to prevent transmitting acrossℬHU, a
prechannel filter is recommended at Tx. Furthermore, according
to (15), the effect of the FSPL is to increase the DOD ℵ of hMTF

by 1 despite the fact that �℘k,0 has been added in (8) to force the
resulting DOD to asymptotically take the value 0. In order to
address all 3 concerns, hMTF is replaced by a prechannel MTF
matrix h𝒫MTF based on replacing in (8) �℘k,ℵ by �℘𝒫k,ℵ, �℘k,0 by

�℘𝒫k,0, and {hMTF}k by {h𝒫MTF}k Δ
= �℘𝒫k,ℵ + �℘𝒫k,0 with a DTFT

H𝒫
MTFk

(Ω) preprocessed by the following two actions:
1) Predistort H𝒫

MTFk
(Ω) by |Ω| ∀Ω ∈ [−π, 0) ∪ (0, π] as

H𝒫
MTFk

(Ω) =
|Ω|√
ν
HMTFk

(Ω) ∀Ω ∈ [−π, 0) ∪ (0, π]

(19)
where ν is selected to keep E{|H𝒫

MTFk
(Ω)|2} ≤ 1

ℛ
∀Ω ∈

[−π, 0) ∪ (0, π].
2) Force H𝒫

MTFk
(Ω) to contain a null at the ex-

cluded band: ℬex
Δ
= {{ℬRB ∪ ℬHU} ∩ ℬTL} ∪ ℬ̄TL with

ℬHU
Δ
= [0, 2 GHz] and ℬ̄TL the complement of ℬTL

Δ
=

[fc − fs/4, fc + fs/4] and fc ≥ fs/4.
As a result of both actions, 𝓅k in (10) is replaced by

𝓅k ∝
⎛
⎝ 1 + N0

λνℛ
1

𝒸K,N,𝒹,ℵ 1
𝓇

K2ℵ−1N2ℵ
𝒹

+ 𝒸N0,0
𝓇N0

λνℛN

⎞
⎠ as N � 1

(20)

and (11) is replaced by limN0→∞𝓅k → (N
𝓇
)dB − 5.16 dB

since ν = 2(π2/6) according to Basel problem [22] where
2(limN0→∞

∑N0

n=1
1
n2 ) = 2(π2/6) = 5.16 dB when the sam-

ples are real. On the other hand, (12) is replaced by
limN0→∞𝓅k = (N

𝓇
)dB − (𝓆)dB − 5.16 dB. For example, when

𝓆 = 0.5%, limN0→∞𝓅k = (N
𝓇
)dB + 17.9 dB.

Design of Postchannel filtering at Rx: Postchannel filtering
can be used at Rx to reduce the effects of NBI across the wireless
channel. In this case, it must include an excision filter, which
consists of the following two steps.

1) Estimate the frequency range ℬNBI corresponding to
NBI.A frequency f belongs to ℬNBI when 𝒮y(t)(f) ≥
𝒮xk(t)(f) + 𝒮th where 𝒮th is a threshold selected to meet
a certain optimization criterion for reducing NBI.

2) Excise the estimated NBI by forcing a null in the PSD
𝒮y(t)(f) of the continuous-time version y(t) of �y at f ∈
ℬNBI.

Postchannel filtering should also include a null at ℬNBI ∪
ℬex

Δ
= {{ℬNBI ∪ ℬRB ∪ ℬHU} ∩ ℬTL} ∪ ℬ̄TL in order to re-

duce the effect of noise and interference at Rx.
Selection of Sampling Type and frequency fs: There are

three types of sampling available in wireless systems: base-
band sampling, IF sampling, and RF sampling. RF sampling
is recommended when fs ≥ 4fc, since it does not require any
up-conversion/down-conversation stages. On the other hand, IF
sampling is recommended when fs < 4fc since it requires a

Fig. 3. MTF system architecture.

smaller number of conversion stages compared to baseband
sampling. In this case, the intermediate frequency fIF is selected
equal to fs/4.

Selection of Carrier Frequency fc: In order to select a fre-
quency range s.t. fc ≤ fs/4 with low interference and low PL,
while allowing for a multipath-rich environment that is suitable
for MIMO communications and while avoidingℬHU, this article
proposes to select fc ∈ [2 GHz, 6 GHz].

C. MTF System Architecture

The architecture shown in Fig. 3 allows for an MTF system to
communicate with other colocated MTF systems, when using
the same band, such as cellular-type MTF systems, Wi-Fi-
type MTF systems, and wireless sensor/Internet-of-Things-type
MTF systems. In Fig. 3, the digital side is software-defined,
whereas the analog side is based on a generic hardware, which
includes converters [e.g., digital-to-analog (D/A), up/down and
analog-to-digital (A/D)], analog filters [e.g., bandpass filter
(BPF) and low-pass filter (LPF)] and amplifiers [e.g., power
amplifier (PA) and low-noise amplifier (LNA)]. The software-
defined side allows any MTF system to change personality
according to the MTF system it is communicating with, by
adjusting {hMTF}k, pre and postchannel filters as well as the
MMSE-SIC detector.

V. MTF MA NETWORKS

This section designs MTF MA networks across a centralized
topology similar to existing MA networks, such as LTE and
Wi-Fi networks, in order to draw a fair comparison between
the two. As typical of any centralized network, the MTF MA
network consists of two types of transmissions: 1) downlink
(DL) transmissions, from a base station (BS) or access point
(AP) to device; and 2) uplink (UL) transmissions, from device
to BS/AP. The designs of the MTF MA networks are based on
the following assumptions.

A. Assumptions

1) This article assumes that several colocated centralized
MTF MA networks use the same band. Based on the
system architecture in Section IV, most such networks are
able to collaborate in such a way that time division duplex
(TDD) can be implemented. TDD is desirable since it
forces temporal separation between DL and UL transmis-
sions. On the other hand, this article assumes that it is only
possible to realistically maintain limited synchronization
and limited power control between each device and the
BS/AP it is communicating with. This article assumes
that the limited device-level timing synchronization allows
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for separation between most DL and UL transmissions,
whereas the limited device-level power control assumes
most UL transmissions, which are received at their des-
ignated BS/AP within ±6 dB. This assumption justifies
qualifying the UL portion of most of the MTF MA net-
works as of relatively high interference.

2) This article assumes that an MTF BS/AP contains an
antenna array. However, it is unlikely that an MTF device
does. This article also assumes that each MTF BS/AP has
knowledge of the angles of arrival of transmissions from
its MTF devices. For this reason, this article proposes to
use beamforming in the DL portion of most of the MTF
MA networks in order to reduce WBI from interfering
BSs/APs at the MTF devices. This article assumes that
beamforming at Tx of the BS/AP in its DL portion is
capable of offering a 16 dBi antenna gain to any device
(as allowed under the FCC’s Title 47 CFR 15.247 for a
point-to-point transmission), hence forcing transmissions
from interfering MTF BSs/APs at a device to be reduced
by ≥10 dB relative to transmissions from the designated
BS/AP. This reduction in transmissions from interfering
MTF BSs/APs at an MTF device justifies qualifying its
DL portion as of relatively low interference.

3) This article assumes that the range �k between the kth
MTF Tx and an MTF Rx is a function of the link budget
Lk between them, where

Lk,dB
Δ
= pdBm −NFdB − (No𝒲m)dB

−max
k

{
𝓅𝒫k

}
dB +GdB. (21)

pdBm is the average transmitted power constrained to be
30 dBm for DL (as allowed under the FCC’s Title 47 CFR
15.247) and 20 dBm for UL.NFdB is the noise figure of Rx

assumed to be 5 dB.𝓅𝒫k corresponds to f𝒫s
Δ
= fs(1− ζex),

which is the noise-equivalent BW in hertz at the output
of the postchannel filter. ζex is the excision factor, defined

as ζex
Δ
= 1

fs

∫
f∈ℬex

fdf . GdB is the antenna gain between
Tx and Rx, assumed to be 16 dBi at Tx for DL and 0 dBi
for UL.

4) This article assumes that the range �k depends on Lk,dB
based on Friis formulae [6] as follows:

�k = 2(Lk,dB−LdB,0)/γk,dB (22)

where LdB,0 is the PL in dB for reaching 1 m and γk is the
PL per octave, which depends on the type of fading across
the wireless channel. This article assumes that γk,dB =
6 dB/octave in a LOS channel modeled as Rician with a
strong LOS component, whereas γk,dB = 8 dB/octave in
a NLOS channel modeled as Rayleigh.

5) This article assumes the following.
a) In (9), �h1,k = · · · = �hℵ,k and −→g 1,k = · · · = −→g ℵ,k ∀k.

b) The same �hl,k in (9) is selected for all MTF devices.
c) A unique −→g l,k as defined in (17) and a unique �℘k,0 as

defined in (16) are selected for the kth MTF device ∀k.
d) �℘𝒫k,ℵ has a PSD, 𝒮℘𝒫

k,ℵ(t)
(f), with nulls at ℬNBI ∪ ℬex,

℘𝒫k,ℵ(t) being the continuous-time version of �℘𝒫k,ℵ.
e) �℘𝒫k,0 has a PSD, 𝒮℘𝒫

k,0(t)
(f), predistorted according to

(19),℘𝒫k,0(t) being the continuous-time version of �℘𝒫k,0.
f) Rx includes an MMSE-SIC detector.

6) This article assumes that 𝒹|UL = N in the UL portion of
an MTF MA network in order to decrease maxk{𝓅k}
in (21), whereas it assumes that 𝒹|DL = 1 in the DL
portion in order to maintain a high DL capacity, 𝒞MTF,
where 𝒹|UL and 𝒹|DL are the delays in (2) correspond-
ing to UL and DL, respectively. An additional reason
for selecting 𝒹|UL = N is to reduce the peak-to-average
power ratio (PAPR) corresponding to transmissions from
an MTF device, which can be reduced even further
by selecting �℘k,ℵ in (9) as �℘REC,1. A further reason
for selecting 𝒹|UL = N is to have a memoryless MTF
MA network with 𝒞MTF|L<∞ = 𝒞MTF. On the other
hand, selecting 𝒹|DL = 1 in the DL portion implies that
the MTF MA network has memory and 𝒞MTF|L<∞ =
L/(L+ N

𝒹
− 1)𝒞MTF. For example, when 10N < L <

∞, 𝒞MTF > 0.9 𝒞MTF.
7) In the UL portion, all Q symbols in �α, corresponding

to all the K active Txs, are required to be detected,
whereas in the DL portion, only the desired symbols in
�α, corresponding to the desired Tx, are required to be
detected, with the remaining symbols, corresponding to
the Ki = K − 1 interfering columns in hMTF, ignored.
For this reason, this article constrains maxk{𝓅k} in (21)
to correspond to a full implementation of Constraint 3 ∀k
for the UL portion, whereas in the DL portion, this article
constrains maxk{𝓅k} in (21) to correspond to a partial
implementation of Constraint 3 corresponding only to the
desired received symbols in �α.

B. Examples of MTF MA Networks

Based on the earlier assumptions, we design three MTF
MA networks, namely MTF1, MTF2, and MTF3, all con-
strained by a mask with a BW, 𝒲m = 20 MHz. This implies

that (NTs)min
Δ
= 𝓇/20 μs. For example, when PMask(f) is

selected as PWiFi(f) and �℘𝒫k,ℵ as �℘𝒫REC,1, 𝓇 = 64/3 = 21.3

and (NTs)min
Δ
= 𝓇/20 μs = 1.066 μs. On the other hand, when

PMask(f) is selected as PLTE(f) and �℘𝒫k,ℵ as �℘𝒫REC,1,𝓇 = 40.8

and (NTs)min
Δ
= 𝓇/20 μs = 2.04 μs.

Moreover, since the DL portion of each network is as-
sumed to have relatively low interference, it is character-

ized to be with memory, with 𝒹 = K = 1, and Ts,max|DL
Δ
=

1/𝒞d|DL ≥ 1/fs|DL. On the other hand, since the UL portion
of each network is assumed to have relatively high interfer-
ence, it is characterized as memoryless, with 𝒹 = N , K � 1,

and Ts,max|UL
Δ
= K

N 𝒞d|UL
≥ 1/fs|UL. Therefore, Nmin|DL

Δ
=

(NTs)min

Ts,max|DL
=

𝓇 𝒞d|DL

20 MHz and Nmin|UL
Δ
=

(NTs)min

Ts,max|UL
=

𝓇 𝒞d|ULN
20 MHz K .

Design Parameters for MTF1, MTF2, and MTF3 are as
follows.

1) MTF1 is selected to have a desired DL channel ca-
pacity of 𝒞d1 |DL = 0.2 Gb/s, and a desired UL chan-
nel capacity of 𝒞d1 |UL = 0.2 Gb/s, both across the
unlicensed (Title 47 CFR 15.247) mid-band fre-
quency of fc1 = 2.45 GHz. We also select for both
DL and UL, fs1 |DL = fs1 |UL = 0.2 GHz and IF sam-

pling with ℬTL1

Δ
= [fc1 − fs1/4, fc1 +

fs1
4 ] and ℬex1

Δ
=

{{ℬNBI1 ∪ ℬRB ∪ ℬHU} ∩ ℬTL1
} ∪ ℬ̄TL1

.
2) MTF2 is selected to have 𝒞d2 |DL = 2 Gb/s and

𝒞d2 |UL = 2 Gb/s, both across the unlicensed
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Fig. 4. 𝒮℘𝒫
REC,1

(t)(f) and 𝒮℘𝒫
k,0

(t)(f) for MTF3.

mid-band frequency of fc2 = 5.8 GHz. We also
select fs2 |DL = fs2 |UL = 2 GHz and IF sampling

with ℬTL2

Δ
= [fc2 − fs2/4, fc2 + fs2/4] and ℬex2

Δ
=

{{ℬNBI2 ∪ ℬRB ∪ ℬHU} ∩ ℬTL2
} ∪ ℬ̄TL2

.
3) MTF3 uses a licensed band at fc3 = 3.5 GHz with

𝒞d3 |DL = 14 Gb/s and 𝒞d1 |UL = 6 Gb/s. We also se-
lect fs3 |DL = fs3 |UL = 14 GHz and RF sampling

with ℬTL3

Δ
= [fc3 − fs3/4, fc3 + fs3/4] and ℬex3

Δ
=

{{ℬNBI3 ∪ ℬRB ∪ ℬHU} ∩ ℬTL3
} ∪ ℬ̄TL3

.
Fig. 4 displays the PSD, 𝒮℘𝒫

REC,1(t)
(f), of �℘𝒫REC,1 and the

PSD, 𝒮℘𝒫
k,0(t)

(f), of �℘𝒫k,0 for MTF3, with nulls at ℬex3
, when

�℘𝒫k,ℵ is selected as �℘𝒫REC,1 while �℘𝒫k,0 is selected as defined in
(16) predistorted according to (19). It is possible to increase

𝒞d|DL arbitrarily by decreasing Ts
Δ
= 1/fs3 regardless of the

value of 𝒲m at the cost of an increase in 𝓅k.
The Coefficient of Proportionality 𝒸K,N,𝒹,ℵ is discussed in the

following.
1) Tables II and III summarize the ratio 𝒸K,2N,𝒹,ℵ/𝒸K,N,𝒹,ℵ

and 𝓇 for a number of �℘k,ℵ, with K = 1 and N0 = 0,
corresponding to MTF1 or MTF2, and MTF3, respec-
tively. In Tables II and III, �℘𝒫,Ric

REC,ℵ denotes a predistorted
vector, �℘𝒫REC,ℵ, with nulls at ℬex1

or ℬex2
, and ℬex3

, re-
spectively, transmitted across a frequency-selective Rician
fading channel with a strong LOS component, whereas
�℘𝒫,Ray
REC,ℵ denotes a predistorted vector �℘𝒫REC,ℵ with nulls

at ℬex1
or ℬex2

, and ℬex3
, respectively, transmitted across

a frequency-selective Rayleigh fading channel. Both chan-
nels are based on the frequency-selective model in (14).
According to Tables II and III, when ℵ = 1, 2, or 3, SNRk

must be asymptotically increased by3, 9, or 15 dB, respec-
tively, for every doubling of N𝒹, with �℘𝒫,Ray

REC,ℵ offering
a respective saving in SNRk of up to 6, 18, or 30 dB
compared to �℘𝒫,Ric

REC,ℵ for ℵ = 1, 2, 3.
2) Table IV shows 𝒸K,𝒩,N,1/𝒸1,N,1,1 for various values of

K
Nex

for the UL portion of a centralized MA network where

Nex
Δ
= N(1− ζex). In Table IV, 𝒸1,N,1,1 corresponds to

TABLE II
𝓇 AND 𝒸1,N,𝒹,ℵ FOR MTF1, MTF2 WITH K = 1, N0 = 0

TABLE III
𝓇 AND 𝒸1,N,𝒹,ℵ FOR MTF3 WITH K = 1 AND N0 = 0

TABLE IV
𝒸K,N ,N,1

𝒸1,N,1,1
|dB WHEN �℘𝒫k,ℵ ≡ �℘𝒫,Ray

REC,1, 𝒩 = N , AND N0 = 0
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TABLE V
𝒸K,𝒩,N,1

𝒸1,N,1,1
|dB WHEN �℘𝒫k,ℵ ≡ �℘𝒫,Ray

REC,1, 𝒩 = 2N , AND N0 = 0

�℘𝒫,Ray
REC,1 with K = 1 and 𝒹 = 1 from Tables II and III,

whereas 𝒸Nt,𝒩,N,1 corresponds to �℘𝒫,Ray
REC,1 with K � 1,

N =𝒩 and 𝒹 = N . Moreover, in Table IV, N must be
≥ 128 and the channel is selected as frequency-selective
Rayeigh fading with𝒩 = N and N0 = 0. From Table IV,
one can see that by decreasing the ratio K/Nex, it is
possible to reduce 𝒸Nt,𝒩,N,1/𝒸1,N,1,1 and in turn reduce
maxk{𝓅k} in (21). This decrease is possible by increasing
Nex when K is fixed.

Increasing Nex: There are several ways to increase Nex,
which are as follows.

1) One way to increase Nex is by increasing Nℐ at Tx.
Another advantage for increasing Nℐ for a fixed Ts when
𝒹|UL = N , is to decreasemaxk{𝓅k}while increasing the
spreading gain N [6], which is useful against unidentified
or ignored interferers in both UL and DL. Increasing Nℐ

at Tx in DL does not affect the desired capacity per MTF
device 𝒞d|DL. It reduces the capacity per MTF device
for the UL portion, without affecting the overall desired
network capacity 𝒞d|UL.

2) Another way to increaseNex is by increasingNℐ indirectly
at Rx by taking advantage of the frequency-selective na-
ture of a multipath-rich wireless channel, which forces
N to be replaced by 𝒩, or equivalently, forces Nex to

be replaced by 𝒩ex
Δ
=𝒩(1− ζex). This is often referred

to as multipath diversity. In this case, �gl,k in (17) is
replaced by �gl,k,Ch in (18) at Rx. Another advantage for
replacingNex by𝒩ex is to increaseLdB by (𝒩/N)dB. The
values of 𝒸K,𝒩,𝒹,1/𝒸1,N,1,1 are shown in Table V when
�℘𝒫k,ℵ ≡ �℘𝒫,Ray

REC,1 ∀k, with 𝒩 = 2N and N0 = 0.

VI. RESULTS

In this section, we compile downlink and uplink results for
the three MTF MA networks, MTF1, MTF2 and MTF3, and
compare them to current and future MA networks. All MTF
results are obtained based on the theory established in Theorems
III and IV, on the constraints and designs shown in Section IV,
and on the assumptions selected in Section V [in particular (21)
and (22) and Tables II–V]. In this section, all BL examples use
𝒞BL in (6) with 𝓇BL = 1.5 when compliant with PWiFi(f) and
𝓇BL = 1.75 when compliant with PLTE(f).

A. Downlink Results

In order to compare the DL portions of MTF1, MTF2,
and MTF3 with current and future MA networks, we in-
troduce the DL portions of a set of six BL MA net-
works {BL1, BL2,BL3,BL4,BL5,BL6} with BL1 to be com-
pared with MTF1, BL2 to be compared with MTF2, and

TABLE VI
DL RANGE RESULTS (IN GREEN) FOR MTF SYSTEMS WHEN

�℘𝒫k,ℵ ≡ �℘𝒫REC,1,𝒹 = 1, 𝒩 =𝒩0 = 2N COMPARED TO BL SYSTEMS

{BL3,BL4,BL5,BL6} to be compared with MTF3. BL1 and
BL2 use the same unlicensed bands, the same BW and offer
the same capacities as MTF1 and MTF2, respectively, whereas
the set {BL3,BL4,BL5,BL6} uses mm-wave bands with a
3.5-GHz BW, in order to offer the same capacity as MTF3.
All examples use a 16 dBi gain antenna and a 30-dBm transmit
power at Tx of the BS/AP. All MTF examples use Tables II and
III with 𝒹 = 1,𝒩 =𝒩0 = 2N and either �℘𝒫k,ℵ ≡ �℘𝒫,Ric

REC,1 for a

LOS channel or �℘𝒫k,ℵ ≡ �℘𝒫,Ray
REC,1 for an NLOS channel.

Table VI compares the DL ranges �|DL for all three MTF
examples with their BL counterparts, across either an LOS or
an NLOS wireless channel compliant with either PWiFi(f) or
PLTE(f). Based on Table VI, it is possible to see that MTF MA
networks offer an order of magnitude improvement in DL range
�|DL (shown in green) compared to their BL counterparts.

B. Uplink Results

Once again, the UL portions of the set of six BL MA net-
works {BL1, BL2,BL3,BL4,BL5,BL6} are compared with
their MTF counterparts. All examples use a 20-dBm transmit
power at Tx of the device and a 0-dBi gain antenna at both
Tx and Rx. All MTF examples use Table V with K

𝒩minex
= 1

2 ,

𝒹 = Nmin, 𝒩 =𝒩0 = 2N , and either �℘𝒫k,ℵ ≡ �℘𝒫,Ric
REC,1 for an

LOS channel or �℘𝒫k,ℵ ≡ �℘𝒫,Ray
REC,1 for an NLOS channel, where

𝒩minex
Δ
=𝒩min(1− ζex) and 𝒩min = 2Nmin. In this case, K

is either equal to 213, 2133, and 6416 for MTF1, MTF2, and
MTF3, respectively, when PMask(f) ≡ PWiFi(f), or equal to
408, 4080, and 12 270 for MTF1, MTF2, and MTF3, respec-
tively, when PMask(f) ≡ PLTE(f).

Table VII compares the UL ranges �|UL for all three MTF
examples with their BL counterparts, across either an LOS or
an NLOS wireless channel compliant with either PWiFi(f) or
PLTE(f). Once again, based on Table VII, it is possible to
see that MTF MA networks offer several orders of magnitude
improvement in UL range �|UL (shown in green) compared to
their BL counterparts.
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TABLE VII
UL RANGE RESULTS FOR MTF SYSTEMS WHEN �℘𝒫k,ℵ ≡ �℘𝒫REC,1,
K

𝒩minEx

= 1
2 , 𝒹 = Nmin, 𝒩 =𝒩0 = 2N COMPARED TO BL SYSTEMS

VII. CONCLUSION

Current communication systems are inherently TL. This
implies that, by definition, they must contain high-frequency
components. When such systems are constrained by a spectral
mask, their high-frequency components fall far below the noise
floor, and traditionally ignored. This article shows that by taking
advantage of such components it is possible to significantly
improve the capacity of current communication systems, without
having to modify their spectral footprint.

APPENDIX

A. Proof of Theorem I

According to [7, eq. (1.4)], when �α and �w in (3) are inde-
pendent and Gaussian, the input–output mutual information,
I(�α,�r/hCh) conditioned on hCh of (3), is

I (�α,�r/hCh) =

rank(hCh)∑
k=1

log2

(
1 + Λk

�̄�Kp

Nofs

)
(A1)

where Λk is the kth-squared singular value of normalized hCh

and �̄�Kp
Nofs

is the average transmitted SNR. Equation (A1) implies
that

𝒞TL =
1

MTs
I (�α,�r/hCh) . (A2)

�

B. Proof of Theorem II

When Λk
�̄�Kp
Nofs

� 1, 𝒞TL ≈ log2e · Λ̄ · �̄�Kp
No

where Λ̄ is the

arithmetic mean ofΛk. Asℳ� 1,hChh
†
Ch is either asymptoti-

cally block toeplitz if𝒹 < N with a solution forΛk according to
Szego’s theorem [15, Th. 6.5] or block diagonal with a solution
for Λk according to [7, Th. 3.6]. As a worst case scenario, we se-
lect𝒹 = 1 and derive a lower-bound on Λ̄. According to Szegö’s
theorem in [15], asℳ� 1, Λ̄ is asymptotically proportional to

tr( 1
2π

∫ π

−π HB_Ch(Ω)H
†
B_Ch(Ω)dΩ) where HB_Ch(Ω) is the

DTFT of the first ℳ×K block of hCh.
Based on DOD Properties I and II, it is possible to express

the kth column of HB_Ch(Ω) as
√
1/Γk

∑
l

Θl,k (Ω) (N diric (Ω, N))ℵl,k𝒻l,k (Ω)

whereΘl,k(Ω) is a set of random processes (RP), diric(Ω, N)
Δ
=

sin(ΩN
2 )

N sin(Ω
2 )

Δ
=

sinc(ΩN
2π )

sinc( Ω
2π )

is the Dirichlet function (aliased sinc),

𝒻l,k(Ω) is a continuous-frequency function with DOD = 0 and
Γk is a normalization constant. As N � 1

tr

(
1

2π

∫ π

−π

HB_Ch (Ω)H
†
B_Ch (Ω) dΩ

)
→

K∑
k=1

2

NΓk

×
∫ N

2

−N
2

∣∣∣∣∣
∑
l

Θl,k

(
2πΩ

N

)
Nℵl,k sincℵl,k (Ω)𝒻l,k

(
2πΩ

N

)∣∣∣∣∣
2

dΩ.

As N � 1, Nℵl,k sincℵl,k(Ω) → Ω−2ℵ where
minl,k{ℵl,k} = ℵ. Using Chebyshev’s inequality, Λ̄ is

lower-bounded by a function ∝ 1
N

∫ N
2

−N
2

Ω−2ℵdΩ, which is

∝ N−2ℵ. This proves that doubling 𝒞TL in (A2) across its
medium-SNR region requires increasing �̄�Kp by a fixed
multiple of 22ℵ. �

C. Proof of Theorem III

When �α in (1) is Gaussian, hCh �α is also Gaussian. In
this case, hCh �α and �w in (3) are independent and Gaussian,
implying that the ith iteration at the MMSE-SIC detector at
Rx is information-lossless in terms of the input–output mutual
information [23]. According to [6, eq. (8.71)], we have

𝒞TL =
1

MTs

Q∑
i=1

log2 (1 + ρMMSEi
)

where at the ith iteration, ρMMSEi
is the MMSE at the output

of the TL channel, defined as [7] SNRi/𝓅i, with SNRi the
received SNR at the ith iteration and 1

𝓅i
its multiuser efficiency,

corresponding to the ith column in hCh, assuming no error
propagation in the previous iterations.

According to [7, eq. (1.8)], the arithmetic mean ρMMSEi
of

the MMSE at the ith iteration is equal to
∑Q−i+1

k=1
1

1+Λk,iSNRi

where Λk,i is the kth-squared singular value of hChi defined as
the matrixhCh obtained after removing all columns and all rows
corresponding to previously detected symbols and after ordering
the remaining columns of hCh according to a nondescending
MMSE value.

From Constraint 3, we have

min
i

{SNRi/𝓅i} Δ
= min

i

{
max

k
{Λk,i} SNRi

}
≥ 1.

As N � 1, h†
ChihChi is either asymptotically block Toeplitz

or block diagonal. According to Szegö’s theorem [12, Th. 6.5]
as N � 1 the kth squared singular value Λk,i is asymptotically
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∝ 1
2π

∫ π

−π H
†
Chk,i(Ω)HChk,i(Ω)dΩ, where HChk,i(Ω) is the

DTFT of N elements out of the 𝒹×KN𝒹 basic block of hChi ,
sampled at the {kth, (k +K)th, . . . , (k + (N𝒹 − 1)K)th}
column. Similar to Appendix B, it is possible to express
HChk,i(Ω) with diric(Ω, N𝒹) replaced by diric( 2ΩN𝒹

, N𝒹)

s.t. limN→∞diric( 2ΩN𝒹
, N𝒹) = sinc(Ω). Based on the afore-

mentioned, as N � 1, the kth diagonal term Λi,k in
1
2π

∫ π

−π H
†
Chk,i(Ω)HChk,i(Ω)dΩ is lower-bounded by

1

Γk

1

𝓇

𝒹

N

∫ N𝒹
2

−N𝒹
2

∣∣∣∣∣
∑
l

Θl,k

(
2πΩ

N𝒹

)
N

ℵl,k

𝒹

× sincℵl,k (Ω)𝒻l,k

(
2πΩ

N𝒹

) ∣∣∣∣∣
2

dΩ.

As N𝒹 � 1, N
ℵl,k

𝒹 sincℵl,k(Ω) → Ω−2ℵ where
minl,k{ℵl,k} = ℵ. Using Chebyshev’s inequality, Λk,i is

lower-bounded by a function ∝ 1
𝓇
𝒹
N

∫ N𝒹
2

−N𝒹
2

Ω−2ℵdΩ, which

is ∝ 1
𝓇
N−2ℵ
𝒹 . Now, we need to find mini{maxk{Λk,i}}.

Instead, we find its lower-bound mink{Λk,i }. Based on [24,
eq. (17)], mink{Λk,i } is ∝ ∑K

k=1 k
−2ℵ 1

𝓇
N−2ℵ
𝒹 as N𝒹 � 1.

Based on Faulhaber’s formula,
∑K

k=1 k
−2ℵ ≈ K1−2ℵ

1−2ℵ and 𝓅i is
upper-bounded by a function ∝ 1

𝓇
K2ℵ−1N2ℵ

𝒹 as N � 1. �

D. Proof of Theorem IV

Since {hMTF}k Δ
= �℘k,ℵ + �℘k,0 in (8), therefore, Constraints

1–3 imply that both the numerator of 𝓅k and its denominator
consist of the sum of two terms, each corresponding to the
terms, �℘k,ℵ and �℘k,0, respectively. The numerator terms are
p and N0

ℛ/� , respectively, whereas the denominator terms are

p/(𝒸K,N,𝒹,ℵ 1
𝓇
K2ℵ−1N2ℵ

𝒹 ) and 𝒸N0,0
𝓇N0

ℛN/� , respectively. Thus

𝓅k ∝ 1 + N0

λℛ
1

𝒸K,N,𝒹,ℵ 1
𝓇

K2ℵ−1N2ℵ
𝒹

+ 𝒸N0,0
𝓇N0

λℛN

where λ
Δ
= p/� according to Constraint 2. �
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