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Abstract—By leveraging the natural multipath propagation of
electromagnetic waves, waveforming is proposed as a promising
paradigm that treats each multipath component in a wireless
channel as a virtual antenna to exploit the spatial diversity. As
the most commonly known waveforming technique for wideband
systems, the time-reversal (TR) signal transmission produces a
TR resonance by coherently combining multipath energy dis-
tributed on virtual antennas, and thus boosts the received signal
strength while reducing interference. The wideband waveforming
is, in many ways, similar to the multiple-input multiple-output
(MIMO) beamforming, where multiple antennas are deployed to
imitate a multipath transmission when the bandwidth is limited.
In this paper, we provide an overview of recent advances on
the wideband waveforming, including massive multipath effect,
optimal resource allocation, wireless power transfer and secrecy
enhancement for secured communications, and compare with the
corresponding counterparts of traditional MIMO beamforming.

Index Terms—Waveforming, time-reversal (TR), multiple-
input multiple-output (MIMO), beamforming.

I. INTRODUCTION

THE NATURE provides a large number of degrees of
freedom by means of radio multipath propagation. As

the transmit signal encounters different scatterers in the envi-
ronment and thus travels through different paths during its
propagation, the channel between each transmitter (TX) and
receiver (RX) antenna is a multipath channel.

Because an attenuated copy of the original signal is gener-
ated and transmitted through a different path when the transmit
signal gets reflected or scattered by a scatterer, each scatterer
in the environment can be viewed as a virtual antenna that
transmits directly to the RX, in addition to the TX. Moreover,
the channel characteristics between the virtual antenna and the
RX antenna are determined by both of the radio paths between
the TX and the scatterer and between the scatterer and the
RX. An illustration of scatterers as virtual antennas in a mul-
tipath propagation environment is depicted in Fig. 1, where the
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Fig. 1. Illustration of virtual antennas.

red arrow represents the line-of-sight (LOS) path and the blue
arrows represent paths reflected and scattered by scatterers.
Green stars in Fig. 1 represent scatterers in the environment,
which can be viewed as virtual antennas that transmit an atten-
uated signal to the RX. All paths together form a multipath
channel between the TX and the RX.

How to control the harvested multipaths as virtual antennas
to achieve desired application purposes? Waveforming [1]–[6]
has been proposed as a novel technique to control virtual
antennas distributed in the environment to take advantages
of the spatial diversity and thus achieve a high degree of
freedom. When the bandwidth increases, more uncorrelated
multipath components are revealed and thus higher degrees
of freedom can be achieved for higher data rates and more
reliable communications. The most well-known waveforming
technique is the time-reversal (TR) signal transmission that has
been considered as a novel paradigm for wideband systems,
which treats each multipath component in a multipath chan-
nel as a virtual antenna [1]. The TR technique was originally
designed for acoustics and ultrasound applications [7]–[10],
and recent studies have been focused on TR wireless com-
munications [11]–[16]. The TR signal transmission can be
easily extended to multiple-antenna scenario [17]–[20], and
the orthogonal frequency division multiplexing (OFDM) sys-
tem [21].
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By leveraging virtual antennas in a constructive way, TR
signal transmission can provide a significant spatial diversity
gain and exhibit a TR resonance phenomenon [1], [22], [23].
Inspired by the TR technique, with certain objectives, the
waveform design optimally weighs each virtual antenna in a
multipath channel and combines the weighted signal from dif-
ferent paths at the receiver. Many works have been focused
on optimal waveform design with different optimization crite-
ria, such as interference cancellation, multi-user fairness and
efficient wireless power transfer [2]–[6], [24]. Waveforming
can be designed to address the interference problem which
becomes a bottleneck limiting the system performance with
the explosion of wireless traffic and the increase in the number
of users in 5G.

In fact, the wideband waveforming is similar to the multiple-
input multiple-output (MIMO) beamforming. When the band-
width is too limited to resolve independent multipaths, MIMO
was proposed to intimate a multipath transmission with multi-
ple TX antennas or/and multiple RX antennas, such that high
data rate transmission can be provided by exploiting a spa-
tial diversity gain and a spatial multiplexing gain [25]–[27].
It has been widely deployed in wireless communication stan-
dards including WiFi, 3G and Long-Term Evolution (LTE).
In recent years, studies on MIMO systems with a very large
number of antennas at the base station (BS), a.k.a. massive
MIMO, have shown its potential in reducing inter-user inter-
ference (IUI), and providing quasi-orthogonal channels and
enormous enhancement in spectral efficiency and power effi-
ciency [28]. Hence, as pointed out in [29] and [30], massive
MIMO technology becomes one of the “big three” technolo-
gies for 5G, along with ultra-densification and millimeter wave
(mmWave). However, massive MIMO also brings up several
critical challenges, such as high complexity of hardware, high
power consumption, high cost of deploying the massive num-
ber of antennas, antenna coupling effect, and difficulty in
analog front end design as well as indoor deployment [31].

In multi-user MIMO systems, beamforming has become
a widely used technique that utilizes multiple antennas to
form a directional transmission beam pattern, to alleviate IUI.
Beamforming can be viewed as a spatial filter which essentially
weighs and sums signals from different TX antennas, such that
the desired signal is added coherently at the receiver side [32].
The most common beamforming methods include maximal ratio
combining (MRC), zero-forcing (ZF) and minimal mean square
error (MMSE). Optimal beamforms can be designed with spe-
cific objectives. For example, studies on MIMO beamforming
have been conducted thoroughly for optimal resource allocation
problems when taking into consideration either the network
throughput maximization or the multi-user fairness [33], [34].
Moreover, optimal beamforms have been designed for wireless
powered communications to achieve a high-efficiency power
transfer, and the optimal simultaneous information and energy
delivery [35]–[38]. Recently, optimal beamforming has been
investigated in secured communications where artificial noise
is transmitted to degrade eavesdropper’s channel with the pur-
pose of not impairing the information delivered to intended
receivers [39]–[42].

This work aims to overview the advances in the wide-
band waveforming and show that it is indeed a dual problem

by illustrating its similarities with the well-known narrow-
band MIMO beamforming, through problems on optimal
resource allocation for multi-user wireless communications,
wireless power transfer (WPT) and secured communica-
tions. In addition, the mathematical models for both systems
are studied and compared, considering both the similari-
ties and differences between physical antennas and virtual
antennas.

This paper is organized as follows. In Section II, sys-
tem models for the narrowband MIMO downlink system and
the wideband downlink system are introduced and compared.
The similarity and difference between physical antennas in
the narrowband MIMO system and virtual antennas exploited
from wideband multipath propagation are discussed. TR signal
transmission as the first waveforming technique in wideband
communications is introduced in Section III. In Section IV, we
investigate various problems in both the narrowband MIMO
beamforming and the wideband waveforming to improve the
quality-of-service (QoS), including sum-rate maximization,
max-min optimization and providing robustness. In Section V,
how to design optimal beamforming and waveforming in the
wireless power transfer is discussed for both systems. The
MIMO beamforming and the wideband waveforming which
utilize the artificial noise for secrecy enhancement in wireless
communications are discussed in Section VI. Conclusion is
drawn in Section VII.

II. SYSTEM MODEL

In this section, we introduce and compare the system models
for narrowband MIMO downlink transmission and wideband
downlink transmission. In the MIMO system, beamforming is
applied to create a directive transmission pattern by adjusting
the weight in each physical antenna. Instead of using multi-
ple transmit antennas at the BS, the wideband waveforming
system treats each multipath component in the wireless chan-
nel as a virtual antenna. Each multipath component is related
to a scatterer or a reflector in the environment, which can be
resolved by a large bandwidth. In order to achieve a spatial
selectivity in the wideband system, waveforming technique is
used to adjust the weight on each multipath component, a.k.a.,
virtual antenna.

A. Bandwidth vs Multipath

The multipath can be effectively harvested by adjusting
transmission power and bandwidth [31], [43]. On one hand,
a higher transmission power can lead to a higher signal-to-
noise ratio (SNR). Consequently, the higher the transmission
power is, the more observable multipath components are. On
the other hand, the spatial resolution in resolving independent
multipath components, i.e., the resolution to separate radio
paths with different lengths in a multipath propagation, is lim-
ited by c/B as marked in Fig. 1, with c being the speed of light
and B being the bandwidth. Therefore, the larger the band-
width is, the better the spatial resolution is and thus the more
multipaths can be revealed. The mathematical explanation of
the relationship between bandwidth and multipath resolution
is as follows.
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Fig. 2. Multipath channel vs bandwidth. (a) Measured channel under 20 MHz bandwidth (LTE standard). (b) Measured channel under 40 MHz bandwidth
(the IEEE 802.11n standard). (c) Measured channel under 125 MHz bandwidth (entire ISM 5G band).

Fig. 3. Comparison on the system model. (a) MIMO downlink system. (b) Wideband waveforming downlink system [31].

In an environment with Kmax independent multipath com-
ponents existing between the TX and the RX, the continuous-
time multipath channel h(t) is defined as collections of dif-
ferent radio propagation paths, i.e., h(t) = ∑Kmax

k=1 αkδ(t − τk),
where Kmax is the number of scatterers in the wireless trans-
mission medium. αk is the multipath coefficients of scatterer
k, and τk is the time delay associated with αk. The function
δ(·) is the delta function. Note that, the delay spread of the
wideband channel is τ = maxk τk.

However, due to the limited bandwidth W, the estimated
discrete-time channel h at the receiver side is a sampled ver-

sion of h(t), i.e., h[l] = ∫ l
W

l−1
W

P( l
W − t)h(t)dt, where P(·) is

the window function with length 1/W. Given a delay spread
τ , when W ≤ 1/τ , only a single tap is resolved as the inte-
gration of all multipaths. When W > 1/τ , multipath signals
received within 1/W seconds will be integrated into a single
tap signal. Consequently, all multipaths can be resolved when
W > 1/�τmin, where �τmin represents the smallest difference
in time-of-flight (ToF) of consecutively received multipath sig-
nals. Because signals with ToF difference equal to or larger
than 1/W can be separated under a bandwidth W, a larger
bandwidth enables a higher sampling rate to sample analog
signals received from different paths and resolve more multi-
path components. Therefore, the number of resolved channel

taps, i.e., length of vector h, is determined by L = round(τW),
as long as Kmax is large enough to provide enough multipaths
whose time delay difference �τmin is close to 0.

Multipath channels captured under three different band-
widths at the same location in a rich-scattering environment
are plotted and compared in Fig. 2, demonstrating the relation-
ship between bandwidth and multipath resolution. Comparing
Fig. 2a, Fig. 2b, and Fig. 2c, it is noticed that more multi-
paths and better resolution are resolved when the bandwidth
increases. Therefore, the larger the bandwidth is, the better
the spatial resolution is and thus the more multipaths can
be revealed. In the LTE standard the bandwidth is 20MHz,
and in WiFi (the IEEE 802.11n standard) systems the band-
width is 40 MHz. Moreover, the entire industrial, scientific,
and medical radio (ISM) 5G band occupies a total of 125MHz
bandwidth. As projected in 5G, high carrier frequencies with
larger bandwidths will be adopted in the future wireless com-
munication systems [29], which makes the multipath channel
of a good spatial resolution feasible.

B. Narrowband MIMO System

We consider a single cell multi-user narrowband MIMO
downlink system with M antennas at the BS and N users each
equipped with a single receive antenna. The system model
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Fig. 4. Demonstration of wideband downlinks.

is illustrated in Fig. 3a. Due to the narrowband transmission,
each link between a pair of TX and RX antenna is a single-tap
channel, i.e., a scalar as the channel coefficient. The channel
matrix is defined as the collection of channel vectors from all
users:

H =
[
hT

1 , hT
2 , . . . , hT

j , . . . , hT
N

]T
(1)

where H ∈ C
N×M is an N × M MIMO channel matrix, (·)T

denotes the transpose operation. hj is the channel vector for
user j, hj = [h1j, h2j, . . . , hij, . . . , hMj], where hij ∈ C repre-
sents the channel coefficient from antenna i to user j and each
coefficient is independently and identically distributed (i.i.d.).

In the multi-user MIMO downlink system, the received
signal Y at the receiver side can be modeled as

Y = HGs + n (2)

where s ∈ C
N×1 is the transmit signal vector, i.e., s =

[s1, s2, . . . , si, . . . , sN]T . n ∈ C
N×1 is the additive white

Gaussian noise vector with zeros mean and variance σ 2, and
G ∈ C

M×N is the MIMO beamforming matrix defined as
G = [g1, g2, . . . , gj, . . . , gN]. Moreover, gj in G is the antenna
weight vector for user j, and ‖gj‖2

2 = pj where ‖ · ‖2 denotes
the L2-norm of a vector. In the following, to simplify notation,
we assume ‖gj‖2

2 = 1 and each user has a power allocation
factor pj without loss of generality.

To further analyze the received signal in (2), we take user
j for an example with its received signal expressed as

yj = √
pjhjgjsj +

N∑

i=1
i �=j

hj
√

pigisi + nj, ∀j (3)

where pj represents the transmit power assigned to user j, and
nj is the additive white Gaussian noise with nj ∼ CN (0, σ 2)

for user j. It is seen from (3) that the received signal consists
of desired signal component and IUI component as listed in
Table I.

C. Wideband Waveforming System

In this part, we consider a wideband downlink system with
N users and an illustration of the system is plotted in Fig. 3b.
With a large bandwidth, channels in the wideband wave-
forming system possess multiple taps, due to the multipath
propagation. The channel between the BS and user j is defined

as hj = [hj[1], hj[2], . . . , hj[l], . . . , hj[L]]T , where hj[l] ∈ C

is a scalar representing the wideband channel coefficient on
tap l for user j, and each coefficient is independent but not
identically distributed.

A diagram shown in Fig. 4 demonstrates how a wide-
band waveforming system works in the downlink transmission.
During the downlink transmission, the information sj to be
transmitted to receiver j is first up-sampled by a rate back-off
factor D to match the baud rate with the sampling rate [1].
Then the real transmit signal is defined as s[D]

j [k] = sj[n] if

k = nD, and s[D]
j [k] = 0 otherwise.

Afterwards, the upsampled version of transmit signal is con-
volved with the waveforming vector gj and multiplied with a
power coefficient pj, before combined with other users down-
link transmit signal. gj ∈ C

L×1 is the waveforming vector
for user j, i.e., the time-domain multipath weight vector, with
‖gj‖2 = 1.

At the receiver side, the received signal of user j is first
downsampled by D, and then it can be written as a vector
yj as

yj[m] =
(

Hj

(
N∑

i=1

√
pis

[D]
i ∗ gi

))

[Dm] + nj[m]

= √
pjH

(⌊
L−1

D

⌋
+1
)

j gjsj

[

m −
⌊

L − 1

D

⌋

− 1

]

+ √
pj

2
⌊

L−1
D

⌋
+1

∑

k=1
k �=
⌊

L−1
D

⌋
+1

H(k)
j gjsj[m − k]

+
2
⌊

L−1
D

⌋
+1

∑

k=1

H(k)
j

⎛

⎜
⎜
⎝

N∑

i=1
i �=j

√
pigisi[m − k]

⎞

⎟
⎟
⎠+ nj[m] (4)

where Hj is a (2�L−1
D � + 1) × L Teoplitz convolution matrix

generated from hj as shown in (5), as shown at the bottom of
the next page. H(k)

j is the kth row of matrix Hj. nj[m] is the
additive white Gaussian noise with nj[m] ∼ CN (0, σ 2).

As can be seen from (4), the received signal contains desired
signal parts, interference signals from ISI and IUI, along with
noise, which are listed in Table I.
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TABLE I
SUMMARY ON SYSTEM MODEL

Meanwhile, the channel matrix of all users is defined as

Q =
[
HT

1 , HT
2 , . . . , HT

j , . . . , HT
N

]T
(6)

where Q is an N(2�L−1
D � + 1) × L matrix.

Unlike the MIMO beamforming which relies on multiple
physical antennas for high degrees of freedom, in the wideband
waveforming system ample degrees of freedom are provided
by the nature where a fine-grained multipath channel is avail-
able with a large bandwidth. In practise, each antenna in a
wireless communication system requires an independent radio-
frequency (RF) chain which includes a low-noise amplifier,
an up/down converter, intermediate-frequency amplifier, an
analog-to-digital (A/D) or digital-to-analog (D/A) converter
and some bandpass filters. Because multiple antennas are
deployed, the cost and complexity to implement a MIMO
beamforming system are much higher than those of a single-
antenna wideband system. Hence, waveform design succeeds
in making the wideband waveforming system outstanding for
future wireless communications by supporting high data rate
and reliable services, but with a simple and low-cost hardware
implementation.

On the other hand, waveforming can be utilized to detect
and track the changes in a multipath propagation environ-
ment with a high accuracy and has been proposed for green
Internet of Things (IoT) applications, e.g., indoor locationing
that achieves a centimeter level accuracy [44]–[46], indoor
speed estimation [47], through-the-wall event detection [48],
human recognition [49] and breathing rate estimation [50].
Considering its capability in wireless communications and

wireless sensing, waveforming will be a promising technology
for 5G and future IoT applications, and deserves a thorough
study.

We summarize this section and compare the system model
between the MIMO downlink system and the waveforming
downlink system in Table I.

III. TIME-REVERSAL SIGNAL TRANSMISSION

In this section, the details of TR signal transmission are
discussed and related works are reviewed.

A. History of TR Signal Transmission

TR signal processing technique is originally proposed in
1957 to compensate the delay distortion in picture transmis-
sion [51]. Then, its applications in acoustic communications
has been studied, and it is validated through a series of
theoretical and experimental works that the energy of the
TR acoustic wave is only focused at the intended loca-
tions [7], [8], [10], [52]–[57].

Later, applications of TR technique in wireless com-
munications have received an increasing attention.
In [12] and [58]–[63], the study of TR signal transmission has
been extended to applications related to the electromagnetic
(EM) field, which demonstrates the TR resonance through
experiments and justifies the assumption of channel station-
arity and channel reciprocity given that the coherence time is
long enough. Meanwhile, the performance of ultra-wideband
(UWB) communication system with TR signal transmission
has been studied in [11], [13]–[15], and [64]. To further

Hj =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

hj

[
L − D

⌊
L−1

D

⌋]
· · · · · · 0

...
...

. . .
...

hj[L − D] hj[L − 1 − D] · · · 0
hj[L] hj[L − 1] · · · hj[1]

0 0 · · · hj[1 + D]
...

...
. . .

...

0 0 · · · hj

[
1 + D

⌊
L−1

D

⌋]
.

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(5)
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Fig. 5. Demonstration of TR signal transmission.

utilize the spatial diversity provided by transmission through
multiple antennas, TR signal transmission has been extended
to work with MIMO technology [12], [17]–[20]. Moreover, a
TR based OFDM system where wideband frequency-selective
channels are decomposed into independent narrowband
subchannels and TR is applied as a precoding method has
been studied in [21].

Recently, experiments as well as theoretic analysis have
been conducted to illustrate the potential of TR for future
green communications [1], [16]. It was shown that a typi-
cal TR receiver can achieve over an order of magnitude in
power reduction and interference alleviation [1]. Later on, the
concept of time-reversal division multiple access (TRDMA)
was proposed and a system-level performance analysis was
provided in [22]. In TRDMA, users in a wideband system
are separated by the inherent TR resonance and the ISI and
IUI are reduced. In order to further improve the perfor-
mance of TRDMA communication system, researches have
been conducted to suppress interference by means of wave-
form design [2], [4], [6], and interference pre-cancellation
algorithm [3], [5]. A device-to-device communication system
based on TR signal transmission was proposed where the
optimal power allocation is determined through a Stackelberg
game [65]. The performance of a massive multipath TR com-
munication system was studied in [31], where a comprehensive
comparison between the massive MIMO system and the mas-
sive multipath TR system was conducted both theoretically
and through simulations.

B. How Does TR Work?

Let us consider a wideband downlink system depicted in
Fig. 3b with N users. A typical TR signal transmission consists
of two phases: 1) the channel probing phase, and 2) the data
transmission phase, as shown in Fig. 5.

1) Channel Probing Phase: Before the BS transmits down-
link signals to users, it needs to estimate each user’s channel
hi, ∀ i to generate TR waveforms. In order to estimate
the CSI hi under bandwidth W, user i first sends out a
pulse signal propagating through the continuous-time multi-
path channel hi(t). Afterwards, the BS obtained a discrete-time
CSI estimation hi.

2) Data Transmission Phase: As shown in Fig. 4, during
the downlink transmission, the discrete signal si is sent from
the BS to user i after upsampling and convolving with the

Fig. 6. TR resonance. (a) The spatial focusing of TR resonance: received
energy at different locations. (b) The temporal focusing of TR resonance:
received energy at different sampling time (L = 30).

TR waveform gi,TR that is defined as gTR,i = H
(� L−1

D �+1)†
i ,

where (·)† denotes the Hermitian operation, i.e., transpose and
conjugate.

Then, according to (4), the received signal yi[m] in a
TR based wideband waveforming system can be written as
follows.

yi[m] = √
pi‖hi‖2

2si

[

m −
⌊

L − 1

D

⌋

− 1

]

+ √
pi

2
⌊

L−1
D

⌋
+1

∑

k=1
k �=
⌊

L−1
D

⌋
+1

H(k)
i H

(⌊
L−1

D

⌋
+1
)

†

i si[m − k]

+
2
⌊

L−1
D

⌋
+1

∑

k=1

H(k)
i

⎛

⎜
⎜
⎝

N∑

j=1
i �=j

H(k)†
j

√
pjsj[m − k]

⎞

⎟
⎟
⎠+ ni[m]

(7)

Because of the TR resonance, energy in the desired signal is
boosted by the TR resonating strength ‖hi‖2

2, while the energy
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of both ISI and IUI term is typically much smaller. The details
of the TR resonance are discussed in the following.

C. TR Resonance

In a wireless communication system, ISI and IUI deterio-
rate the QoS of each individual user. On one hand, the spatial
focusing effect of the TR resonance suppresses the energy
leakage to other receivers and focuses most of the signal
energy at the intended user. Consequently, TR signal transmis-
sion naturally reduces the required transmit power and lowers
the IUI. As depicted in Fig. 6a, an example of the spatial
focusing effect of the TR resonance is shown with an energy
peak at the focused spatial location. On the other hand, due
to the temporal focusing effect of the TR resonance which
reduces the inter-symbol energy leakage, the ISI can be effec-
tively reduced for high-speed broadband communication with
the help of a large backoff factor D. In Fig. 6b, an example
of the temporal focusing effect of the TR resonance is shown,
where the received energy exhibits a strong peak at the time
instance L, corresponding to h ∗ gTR[L]. In other words, the
desired signal component in (7) is amplified, outstanding from
ISI and IUI components.

Remark 1: The TR waveform is the MRC waveform for the
wideband communication system [31]. As presented in [66],
MRC is a technique to combine received signals from differ-
ent transmit paths with a weight proportional to each signal
strength which usually is the conjugated version of its corre-
sponding channel coefficient. Consequently, strong signals are
further amplified while weak signals are attenuated. Through
TR waveforming, signals arrived from different virtual anten-
nas, i.e., multipaths, are added up coherently by convoluting
with its TR signature. This is equivalent to multiplying each
copy of transmitted signal through different paths with its own
conjugated channel coefficient. Hence, TR waveform becomes
a MRC waveform.

Due to the fact that the number of resolved multipath com-
ponents is proportional to the bandwidth, the resolution of
TR resonance highly depends on bandwidth. Examples are
depicted in Fig. 7a, 7b, 7c where the TR resonance under dif-
ferent bandwidths is investigated through simulation, and the
studies based on real measurements are in Fig. 7d, 7e, 7f.
It is obvious that when the bandwidth increases, the TR
resonance has a spikier spatial focusing effect. Moreover, sim-
ulation results are consistent with those obtained from the real
measured CSI.

Remark 2: In order to have a fine resolution for the TR
resonance, a large bandwidth W is required to perceive enough
independent multipath components in the environment.

Furthermore, we compare the TR waveforming and MIMO
MRC beamforming, in terms of the spacial focusing of the
received energy. As plotted in Fig. 7a, 7b, and in Fig. 7g, 7h,
TR waveforming achieves a similar spatial focusing effect with
MIMO MRC beamforming under a similar consuming band-
width. Here, the consuming bandwidth is defined as the sum
of the transmission bandwidth on each link. As shown by
the focusing ball in Fig. 7c and Fig. 7i, when using a sin-
gle TX antennas and 125 MHz bandwidth, TR waveforming

outperforms by achieving the similar spatial focusing effect
with MIMO MRC beamforming where 100 TX antennas are
deployed and each works under 2 MHz, i.e., a consuming
bandwidth of 200 MHz.

D. Massive Multipath Effect

In a wideband waveforming downlink system, channels
from the single TX antenna to multiple single-antenna
receivers at different locations form a channel matrix Q, which
is defined in (6). As shown in Fig. 7c, the high-resolution
spatial focusing effect of TR resonance is supported by the
following theorem of massive multipath effect [31].

Theorem 1 (Massive Multipath Effect [31]): Suppose in
the channel matrix Q all channels are normalized as

‖H
(� L−1

D �+1)

i ‖2 = 1 and the environment is rich with scatter-
ers, i.e., a sufficiently large Kmax is guaranteed. Then, when the
bandwidth W goes to infinity such that it provides an extremely
high resolution to resolve all multipath components, we have
the following asymptotic behaviour for the channel matrix Q
as

lim
W→∞ QQ† = IN×N (8)

where IN×N represents an identity matrix with dimension N.
In other words, the multipath channels become mutually

orthogonal if the bandwidth W to resolve multipath compo-
nents is large enough under the rich multipath setting.

Similarly, the spatial pinpoint of the MIMO beamforming
as depicted in Fig. 7i follows the massive MIMO effect [67],
which shows that the channel matrix H of a narrowband
MIMO system exhibits an asymptotic behavior when the
number of antennas increases. The details are as follows.

Theorem 2 (Massive MIMO Effect [67]): When the number
of antennas M grows sufficiently large, the random matrix
theory provides a central limit theorem for the distribution
of the singular values of H, and thus under the law of large
numbers we can have

lim
M→∞

1

M
HH† = IN×N (9)

where (·)† denotes the Hermitian operation, i.e., transpose and
conjugate, and IN×N represents an N × N identity matrix.

Although it provides the spatial-temporal TR resonating
effect, TR waveforming cannot eliminate the ISI and IUI com-
pletely. The ISI could be very severe when the symbol duration
is smaller than the channel delay spread. As a result, adjacent
transmit symbols are contaminated by each other, especially
when the transmit power is high. Moreover, because chan-
nels between different users locating at different locations
are not orthogonal in reality, the IUI under TR waveforming
is inevitable in a multi-user wideband waveforming system.
Hence, waveform design is indispensable for improving the
performance of wideband systems. The optimal waveform-
ing can be designed according to specific performance metrics
similar to the MIMO beamforming optimization.

With certain optimization criteria, common waveform-
ing/beamforming methods include the MRC, the ZF and the
MMSE [68]. With the objective to maximize the received
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Fig. 7. Bandwidth vs TR resonance in spatial focusing. (a) The spatial focusing of TR resonance under 20 MHz bandwidth (simulation). (b) The spatial
focusing of TR resonance under 40 MHz bandwidth (simulation). (c) The spatial focusing of TR resonance under 125 MHz bandwidth (simulation). (d)
The spatial focusing of TR resonance under 20 MHz bandwidth (real measurement). (e) The spatial focusing of TR resonance under 40 MHz bandwidth
(real measurement). (f) The spatial focusing of TR resonance under 125 MHz bandwidth (real measurement). (g) The MIMO MRC beamforming of 10
antennas under 2 MHz bandwidth (simulation). (h) The MIMO MRC beamforming of 20 antennas under 2 MHz bandwidth (simulation). (i) The MIMO MRC
beamforming of 100 antennas under 2 MHz bandwidth (simulation).

signal-to-noise ratio (SNR), MRC method is proposed where
signals from different transmit paths are summed at the
receiver after being multiplied by weight factors proportional
to the conjugated version of their corresponding propagation
channel [66]. Through the MRC waveforming/beamforming,
signals are combined linearly and coherently such that strong
signals are further amplified while weaker ones are attenu-
ated. Consequently, the receiver signal-to-noise ratio (SNR) is
maximized. With the objective to completely eliminate IUI,
the ZF beamforming/waveforming has been designed such
that the waveform or beamform of one user is orthogonal
to other channels such that there is no energy leakage and
thus no interference to other users [69]. In an estimation con-
text, in order to minimize the estimate mean square error
of the received signal, the MMSE beamforming/waveforming
has been proposed [32]. The aforementioned beamform and

waveform design are listed in Table II, where H is the
channel matrix for all users in a MIMO system defined
by (1) while Q denotes that for a wideband waveforming sys-
tem as defined in (6). G is the waveforming/beamforming
matrix for all users, and gj is the waveform for user j.
Coefficients cMRC, cZF and cMMSE are the normalized fac-
tors which guarantee the waveform and beamform to have
unit energy. The vector elj is an elementary vector with
lj = (j−1)(2�L−1

D �+1)+�L−1
D �+1. The detailed comparison

on waveforming and beamforming are studied in the following
sections.

IV. OPTIMAL RESOURCE ALLOCATION

In what follows, the joint problem of power allocation and
waveforming/beamforming design is studied with the objective
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TABLE II
TYPICAL BEAMFORMING VS WAVEFORMING

being the sum-rate maximization, max-min optimization, or
providing robustness. Moreover, in this section, we use (·)∗ to
denote an optimal solution.

A. Sum-Rate Maximization

One important QoS in a multi-user wireless communica-
tion system is the total throughput of the network, which
is usually defined as the weighted sum-rate of all users.
This kind of problem is usually formulated as a joint opti-
mization of power allocation and transmit waveforming/
beamforming design, subject to a constraint on total transmit
power.

One example of the joint problem can be written as

maximize
p,G

N∑

i=1

wilog(1 + SINRi)

subject to ‖p‖1 ≤ P, pi ≥ 0,

‖gi‖2 = 1, ∀i (10)

where p is the power allocation vector with entry pi as
the downlink transmit power assigned to user i, P is the
total transmit power constraint, and gi is the transmit wave-
form/beamform of user i. SINRi represents the received
signal-to-interference-plus-noise ratio (SINR) of user i in the
downlink transmission, which is a function of the power p
and the matrix G. In order to allocate resources optimally,
considering various quality-of-service (QoS) requirements or
priorities for different users, weight factors wi > 0,∀i are
introduced to the optimization problem as predefined hyper-
parameters to enable heterogeneity. If all users share a homo-
geneous QoS requirement or priority, wi = 1 for all users.
Otherwise, wi will be different for users with heterogeneous
QoS requirements or priorities, and a high priority or QoS
requirement corresponds to a large wi. Consequently, in the
optimal solution users associated with a larger weight wi will
be assigned with more resources to meet their own require-
ments. Since only the ratio between the weight factor and the
sum of all weight factors, i.e., wi

/∑N
i=1 wi, affects the opti-

mal power allocation, there is no need to have a constraint on
w1 +w2 +· · ·+wN = 1. Moreover, because the achievable rate
of user i with bandwidth Wi is defined as Wilog(1 + SINRi)

and Wi can be incorporated in the weight wi, we assume
Wi = 1 in the objective function of (10) without loss of
generality.

In the MIMO downlink system, according to the signal
model in (3), the received SINRi is defined as

SINRi = pig
†
i h†

i higi
∑N

j=1
j �=i

pjg
†
j h†

i higj + σ 2
(11)

where the only interference comes from IUI, and hi is the
MISO channel vector between the multi-antenna BS and the
single-antenna user i.

On the other hand, considering the existence of ISI and
IUI, the definition of SINR in a multi-user wideband downlink
system is different and given in (12), as shown at the top
of the next page. In (12), inside the denominator, the term

pig
†
i (H

†
i Hi − H

(� L−1
D �+1)†

i H
(� L−1

D �+1)

i )gi accounts for the ISI of
user i, and

∑N
j=1,j �=i pjg

†
j H†

i Higj is the IUI energy.
Remark 3: As mentioned above, a back-off factor D is

introduced in the wideband system to match rate and com-
bat and eliminate the ISI resulted by the delay spread in a
multipath channel. Hence, the actual rate Rj, i.e., the spectral
efficiency, for user j in the wideband waveforming system is
defined as Rj = 1

D log(1 + SINRj) [22].
In (10), we combine the constant 1

D into the weight factor
wi for the sake of a unified notation.

The solution to the joint optimization problem in (10) has
been studied for both the MIMO downlink system [70] and the
wideband downlink system [2]. In general, despite the different
forms of SINR, the optimal power allocation vector p∗ and the
optimal waveform or beamform G∗ for the weighted sum-rate
maximization problem can be obtained through an iterative
optimizing process, described as follows.

1) The problem is first converted into an uplink opti-
mization through the downlink-uplink duality [71], and
it becomes a maximization of the uplink sum-rate
with uplink power allocation scheme q and waveform-
ing/beamforming scheme S.

2) By fixing the uplink power allocation scheme q, the opti-
mal uplink waveforming/beamforming scheme S that
maximizes sum-rate can be optimized.

3) Given a waveform/beamform matrix S, the best power
allocation vector q is optimized through the water-filling
algorithm.

4) Iterate between step 2 and 3 until the solution converges,
then the optimal downlink waveform/beamform is the
G∗ obtained directly as the optimal uplink S∗, and then
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SINRi = pig
†
i H

(⌊
L−1

D

⌋
+1
)†

i H

(⌊
L−1

D

⌋
+1
)

i gi

pig
†
i

(

H†
i Hi − H

(⌊
L−1

D

⌋
+1
)†

i H

(⌊
L−1

D

⌋
+1
)

i

)

gi +∑N
j=1
j �=i

pjg
†
j H†

i Higj + σ 2

(12)

the downlink power allocation is optimized with G∗ and
has a closed form.

Remark 4: Given a power allocation p, the optimal wave-
form/beamform G which maximizes the individual rate, has
the same form as the MMSE waveform or beamform listed in
Table II [2].

In the following, we briefly introduce three different opti-
mization problems derived from the weighted sum-rate maxi-
mization in (10).

1) Transmit Power Minimization: In reality, the perfor-
mance of a wireless communication system is limited by
battery life which supports the transmission between the BS
and users. In order to extend the working time of the system
while maintaining a desired QoS, as the dual problem to (10),
it has been proposed to minimize the total downlink trans-
mit power under the constraint on the minimum of weighted
sum-rate. The problem is written as follows.

minimize
p,G

‖p‖1

subject to
N∑

i=1

wilog(1 + SINRi) ≥ Rsum,

pi ≥ 0, ‖gi‖2 = 1, ∀i (13)

where ‖ · ‖1 denotes the L1-norm of a vector, i.e., ‖p‖1 =∑
i=1 |pi|. Rsum is the minimum requirement of the weighted

sum-rate, served as the QoS requirement for this battery-saving
system.

The problem in (13) has been studied in [70], and it can
be converted to a geometric programing (GP) problem involv-
ing mean square errors (MSEs), and solved iteratively through
downlink-uplink duality [71].

2) Individual Rate Constraint: There is a drawback for the
joint optimization problem in (10). At the optimal solution,
all channel resources, i.e., the transmit power, are allocated
to those users with good channel quality so that the corre-
sponding weighted data rates are maximized. Consequently,
there will be no or very limited service provided to the rest
of users.

To address the inherent unfairness, a variation of the sum-
rate maximization problem has been proposed, by adding an
additional individual rate constraint for each user. The problem
is rewritten as

maximize
p,G

N∑

i=1

wilog(1 + SINRi)

subject to ‖p‖1 ≤ P, pi ≥ 0,

‖gi‖2 = 1,

log(1 + SINRi) ≥ Ri, ∀i (14)

where Ri denotes the minimum required individual rate for
user i. With a tightened feasible set compared with the one
in (10), the optimal weighted sum-rate in (14) is smaller.

In [72], a distributed iterative algorithm for QoS-constrained
weighted sum-rate maximization (QCWSRM) problem was
proposed based on the alternating direction method of mul-
tipliers (ADMM) for the multi-user MIMO beamforming
system, after reformulating the problem into an equiv-
alent weighted minimal mean square error (WMMSE)
framework.

3) Dual Problem of the Individual Rate Constraint: As
the dual problem to (14), a joint optimization that mini-
mizes the transmit power is presented, subject to a con-
straint on the individual rate. The problem is described as
follows.

minimize
p,G

‖p‖1

subject to log(1 + SINRi) ≥ Ri,

pi ≥ 0, ‖gi‖2 = 1, ∀i (15)

Here, there is no constraint on the weighted sum-rate of the
network. An efficient solution to the problem in (15) has been
proposed in [73], with the individual SINR constraint instead
of the individual rate constraint. The problem is solved through
the following steps.

1) The feasibility of (15) is first checked to make sure that
the SINR requirements are satisfied. If so, the individ-
ual SINR is maximized with an arbitrary total transmit
power, which yields a corresponding optimal G. This
step is similar to the algorithm for solving the max-min
SINR problem.

2) Then the power allocation p is obtained through fix-
ing the individual rate to the lower bound Ri and with
the waveform/beamform G. The corresponding optimal
power allocation will have a closed form, and the total
power consumption will be reduced then.

3) Repeat step 1 and 2 with an updated total power con-
straint ‖p‖1 until the problem converges or the SINR
constraints become infeasible.

Remark 5: The disadvantage of obtaining the optimal
waveform or beamform from a weighted sum-rate maximiza-
tion is that the system may fail to achieve a fairness among
all users. With the most aggressive objective as to maximize
the system throughput, most of resources will be allocated to
only a small portion of the users whose channel qualities and
thus SINRs are better compared with the others [6].

In the following section, an optimization problem is intro-
duced which achieves a balance, a.k.a., fairness, among users
in the network.
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B. Max-Min SINR Maximization

In this part, a joint optimization problem that considers the
fairness among users in a multi-user wireless communication
system is studied. The QoS criterion for the fairness problem
is selected as the received SINR.

In general, in order to achieve fairness in a multi-user down-
link system, the max-min SINR problem is proposed, whose
objective is to maximize the worst received SINR among all
users with a total downlink transmit power constraint. This
nonconvex optimization problem is given by

maximize
p,G

min
i

SINRi

βi

subject to ‖p‖1 ≤ P, pi ≥ 0,

‖gi‖2 = 1, ∀i (16)

where βi > 0 serves as the weight factor to support different
priorities or SINR requirements among different users, which
is the same as wi in (10). Consequently, a higher power will be
allocated to a user with a larger βi to support a higher SINR
in the optimal solution. Meanwhile, the weighted SINR SINRi

βi
can be viewed as a virtual SINR for user i, taking into account
not only the channel quality but also the individual weighted
QoS requirement.

To solve the problem in (16) efficiently, a SINR lower bound
γ is introduced as the slack variable and the max-min problem
can be rewritten into (17). The joint optimization problem is
now aimed at maximizing the lower bound γ .

maximize
p,G,γ

γ

subject to ‖p‖1 ≤ P, pi ≥ 0,

‖gi‖2 = 1, SINRi ≥ βiγ, ∀i (17)

Remark 6: The problem in (16) is equivalent to the one
in (17) in that the optimum γ ∗ of (17) is equal to the optimum
of the weighted worst SINR in (16), with the same optimal
variables G and p [6], [73].

Subject to the total downlink transmit power constraint,
the optimization problem (16) and (17) can be solved by an
iterative optimization process as follows.

1) First, the downlink problem is converted to an uplink
optimization through the downlink-uplink duality [71],
with optimal variables q and S.

2) Given an uplink transmit power allocation vector q, the
optimal uplink waveforming/beamforming matrix S is
the MMSE waveform/beamform defined in Table II.

3) Once the waveforming/beamforming matrix S is fixed,
the optimal uplink power allocation vector q is obtained
through solving a Perron-Frobenius eigen problem.

4) Iteratively optimize between step 2 and step 3 until
reaching the converging point. Then the optimal wave-
form/beamform for downlink transmission is G∗ = S∗,
and the optimal downlink power allocation vector p∗ has
a closed form and can be solved with G∗.

Remark 7: At the optimum solution, the virtual SINRs
SINRi

βi
of all users are balanced and the fairness is delivered.

In other words, the optimal weighted SINRs for all users in
the problem (16) are identical to each other [6], [34].

Remark 8: If the max-min problem has an individual power
constraint p � pth, then it is first relaxed to have a total power
constraint as ‖p‖1 ≤ ‖pth‖1. Afterwards, the relaxed problem
has the same formulation as in (16) and can be solved itera-
tively. However, in order to find the optimal power allocation
with the corresponding optimal G, the total power constraint
‖pth‖1 should be tightened gradually until the optimal power
allocation vector meets the individual power constraint [6].

The detailed solution to the problem in (16) in a MIMO
beamforming system is discussed in [34], whereas the details
for a wideband waveforming system are studied in [6].

C. Robustness

All the problems discussed above are based on the assump-
tion that the CSI estimation at the BS is perfect and the channel
is stationary and reciprocal. However, in the real world, the
CSI estimation is hardly accurate because of quantization
errors, temporal and frequency offset in reciprocal channels, as
well as continuous fading and fluctuation of channels. Hence,
it is reasonable and necessary to take the imperfectness of the
CSI estimation into consideration.

In this part, robust transmit strategies against imperfect CSI
estimation are discussed with optimal power allocation and
waveform/beamform design for a single user downlink system.
Aiming at addressing the performance degradation caused by
imperfect CSI and improving the robustness of system, the
problem is typically formulated as follows.

maximize
g

min
H∈S

SNR

subject to Tr
(

g†g
)

≤ P (18)

where SNR denotes the received SNR, H is the CSI matrix
between the transmitter and the receiver, S represents the col-
lection of the possible imperfectness in the CSI estimation, P
gives the constraint on the transmit power, and the function
Tr(·) is the operation to take the trace of a matrix.

The definition of SNR is different between the MIMO
beamforming system and the wideband waveforming sys-
tem. Assuming the noise has unit variance, the received SNR
in a MIMO beamforming system is defined as SINREa =
g†

I H†
EaHEagI/(g

†
EH†

EaHEagE +g†
ANH†

EaHEagAN +σ 2
Ea), and the

set S = {�, ‖�‖ ≤ ε} is the set for possible errors in the CSI
estimation, where ε denotes the maximal energy of error in
the matrix norm [74].

On the other hand, given a zero-mean and unit-variance
noise, the received SNR in a wideband waveforming system
is given as SNR = |(h ∗ g)[L]|2 = g†H(� L−1

D �+1)†
H(� L−1

D �+1)g.
The set S in (18) is the collection of convolution matri-
ces H defined in (5) that are generated from imperfect CSI
estimations.

By introducing a slack variable γ , a variation of the problem
in (18) is written as

maximize
g

γ

subject to min
H∈S

SNR ≥ γ, Tr
(

g†g
)

≤ P (19)
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TABLE III
WAVEFORM/BEAMFORM DESIGN FOR OPTIMAL RESOURCE ALLOCATION

where γ serves as the lower bound on the worst received SNR
among all possible imperfect CSI matrices.

After rewritten into the form of (19), the joint optimization
problem in (18) can be addressed after being relaxed relaxing
into a semi-definite programming (SDP) problem, which can
be solved efficiently.

Moreover, with the objective of minimizing the total trans-
mit power under a minimum individual SNR requirement, the
dual problem to (18) is proposed as follows.

minimize
g

Tr
(

g†g
)

subject to min
H∈S

SNR ≥ γ (20)

where γ is no longer an optimal variable.
The optimal wideband waveforming for robustness has been

proposed for indoor locationing applications to adjust the size
of the TR resonating ball and thus the locationing resolution,
considering the back-off factor D is much larger than the delay
spread to eliminate ISI [75]. Due to the large delay spread in
the wideband system, the ISI is significant and may degrade
the received signal quality measured by the received SINR.
Hence, it is worthwhile to evaluate and optimize the robustness
in a wideband waveforming system, which is discussed in the
following.

1) Robustness of a Single-User Wideband Waveforming
System: To begin with, considering a single-user wideband
communication system, the received SINR is defined in (12)
with only ISI contributes as the interference. Then, the robust-
ness optimization problem for the single-user wideband wave-
forming system becomes a max-min SINR problem and is
given by

maximize
g

min
H∈S

SINR

subject to Tr
(

g†g
)

≤ P (21)

where S is the collection of convolution matrices generated by
imperfect CSI estimations.

2) Robustness of a Multi-User Wideband Broadcasting
Waveforming System: In a multi-user broadcasting system,
since the BS transmits the same signal to all users with the
same power, there is no IUI and users share the same wave-
form g. Hence, the received SINR for user j is rewritten as
follows.

Given the definition of SINR in (12), the robustness problem
in multi-user broadcasting system is then formulated as

maximize
g

min
Hj∈Sj,j

SINRj

subject to Tr(g†g) ≤ P (22)

where Sj is the set of channel matrices from all possible
imperfect CSI estimations of user j.

3) Robustness of a Multi-User Wideband Multicasting
Waveforming System: In this kind of system, both ISI and IUI
exist, due to the fact that the transmitted signal is the combi-
nation of different messages with different waveforms through
the same wireless medium. Consequently, the received SINR
for user j is exactly same as in (12). Then, the robustness prob-
lem becomes a joint optimization problem of the waveform G
and the power p to maximize the worst SINR among all users
against the imperfect CSI estimation. It can be rewritten as

maximize
G

min
Hj∈Sj,j

SINRj

subject to Tr(G†G) ≤ P (23)

where G is the waveforming matrix for all users and the prob-
lem in (23) has a similar form to the max-min optimization
in (16).

Remark 9: The three aforementioned robustness problem
for wideband waveforming systems has a similar problem
formulation as the max-min optimization one in (16) in
Section IV-B. However, here it adopts a unified weight factor
βi = 1, ∀i and an additional set of possible SINRs associated
with different channels for the same user. Nevertheless, same
algorithms can be applied to efficiently solve the aforemen-
tioned robustness problem with SINR as the criterion.

Table III summarizes the optimization problems studied in
this section.

V. WIRELESS POWERED COMMUNICATION

Traditional wireless communications are primarily
constrained by the limited accessibility of spectrum
resources [76], [77]. Nevertheless, as proposed for the
next generation wireless communication system, the network
will be moved to a higher frequency band with a larger
bandwidth, leading to ample spectrum resources. However,
due to the explosive growth of wireless data services and
the demand of a significantly high rate in data transmission,



144 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 20, NO. 1, FIRST QUARTER 2018

Fig. 8. A WPT system.

wireless devices are subject to limited energy resources,
such that convenient and perpetual energy supplies are
indispensable. In this section, the comparison between the
MIMO beamforming and the wideband waveforming in the
wireless powered communication system is discussed.

The wireless powered communication system can oper-
ate in three different modes. The first is the WPT system
where the receiver only receives power without decoding
the message sent from the transmitter. Moreover, the wire-
less powered communication can operate in a way such
that the power is transferred wirelessly during the downlink
whereas information is sent in the uplink with the energy
harvested from the downlink transmission. The third operat-
ing mode is called the simultaneous wireless information and
power transfer (SWIPT) which simultaneously supports the
transmission of both the energy and the information during
downlink but under a constraint on the power and spectrum
consumption [35]–[38]. The detailed discussion is as follows.

A. Wireless Power Transfer System

To begin with, the WPT system is studied in this part with
the objective to pursue a maximal reception power under a
constraint on the total transmit power. A system diagram is
shown in Fig. 8. The mathematical formulation of the WPT
problem becomes

maximize
g

E
[
‖y‖2

2

]
(24)

subject to Tr
(

g†g
)

≤ P

where y denotes the received signal, g is the energy wave-
form or beamform for WPT, and P is the maximum total
transmit power. The definition of the received energy ‖y‖2

2 is
different in the MIMO beamforming system and the wideband
waveforming system. In the MIMO beamforming system, it is
defined as ‖y‖2

2 = g†H†Hg, where H is the MIMO channel
matrix [35].

On the other hand, in the wideband waveforming system,
the definition of ‖y‖2

2 is given in [24] as ‖y‖2
2 = |(h∗g)[L]|2 =

g†H(� L−1
D �+1)†

H(� L−1
D �+1)g.

According to the definition of ‖y‖2
2, it is easy to find out

that the optimal energy waveform or beamform for the WPT

problem in (24) is the principal eigenvector of channel covari-
ance matrix, which is H†H for a MIMO WPT system and
H(� L−1

D �+1)†
H(� L−1

D �+1) for a wideband WPT system.
Furthermore, the single-tone waveforming/beamforming has

been proposed as a simple but sub-optimal solution for WPT,
where all the power is allocated on the most efficient frequency
component of the channel [24]. Considering the fact that the
optimal energy waveform or beamform maximizes the average
received power in time domain, it is superior to any other
schemes. Hence, the harvested energy by means of the single-
tone waveform or beamform can serve as a performance lower
bound of the optimal energy waveform or beamform.

To achieve the single-tone waveforming in the wideband
system, the following steps are went through:

1) The user channel h is first converted into the frequency
domain channel through the Discrete Fourier transform
(DTF) operation DFT(h).

2) Afterwards, the principal component δ is discovered
from δ = argmaxk DFT(h)[k], where k is the index of
frequency component.

3) Finally, the single-tone waveform g is obtained by the
inverse-DFT of δ, IDFT(δ).

However, in order to find the single-tone beamform for the
MIMO system, a 2-D DFT is required because the channel H
is a matrix.

Remark 10: For periodical signals, the single-tone wave-
form is the same as the optimal energy waveform obtained
from (24), because the DFT matrix becomes a singular matrix
of the channel covariance matrix [24].

B. Simultaneous Wireless Information and Power Transfer

In this part, the SWIPT system is studied where the WPT
and wireless communications are conducted simultaneously.
The performance trade-off between the delivered energy and
the information capacity for the SWIPT system has been stud-
ied in [78] and [79]. Huang and Larsson [80] has investigated
a broadband SWIPT system where OFDM and beamform
design are deployed to create parallel subchannels to sim-
plify resource allocation. In the following, two major kinds
of optimization problems that consider the energy-information
trade-off in SWIPT are introduced.

1) Interference as Energy: The first formulation is a joint
information and energy waveform/beamform design problem,
which treats the interference from information delivery as the
transmitted energy. An example of system diagram is shown
in Fig. 9a. It is designed to maximize the weighted sum-
power delivered to all receivers subject to individual SINR
constraints [36] as

maximize
gE,gI

E
[
‖yE‖2

2

]
+ E

[
‖yI‖2

2

]

subject to Tr
(

g†
EgE

)
+ Tr

(
g†

I gI

)
≤ P,

SINRI ≥ γ (25)

where gE is the waveform or beamform for power transfer, gI

represents the waveform or beamform for information delivery.
yE is the power signal received at the power receiver, yI is the
information signal received at the power receiver, and SINRI
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Fig. 9. Examples of SWIPT. (a) Interference as energy. (b) Interference as security.

represents the received SINR of the information signal at the
information receiver.

In the MIMO beamforming system, the received energy at
the energy receiver contains ‖yE‖2

2 = g†
EH†

EHEgE and ‖yI‖2
2 =

g†
I H†

EHEgI , where HE is the channel matrix between the BS
and the power receiver and HI is the channel matrix between
the BS and the information receiver. The received SINR of
the information signal at the information receiver, SINRI , is
defined in (11).

On the other hand, in a wideband waveforming system, the
SINR of the information signal at the information receiver
follows the definition in (12), with gI and HI as the intended
waveform and channel matrix. Moveover, considering the exis-
tence of ISI, the definitions of received energy at the power
receiver from the energy waveform is different, i.e., ‖yE‖2

2 =
|(hE ∗ gE)[L]|2 = g†

EH
(� L−1

D �+1)†

E H
(� L−1

D �+1)

E gE, compared with
the definition in the MIMO beamforming system.

The joint information and power transfer wave-
form/beamform optimization with the problem formulation
in (25) is a non-convex quadratically constrained quadratic
program (QCQP). The problem can be addressed in the
following steps.

1) The first is to check the feasibility of (25). In partic-
ular, the problem is feasible when the SINR constraint
for information users are achievable without considering
energy users.

2) If the problem is feasible, then a semi-definite relaxation
(SDR) is applied to convert the non-convex QCQP prob-
lem into a semi-definite program (SDP) which can be
solved efficiently.

For a MIMO SWIPT system, it has been proved that for
the problem in (25), under the condition of independently dis-
tributed user channels, there is no need to design dedicated
energy beamforing vector. The optimal transmission strategy
is to adjust the weights and power allocation of only the
information beamforming to maximize the sum-power deliv-
ered [36]. Moreover, since the energy waveform/beamform
is not for information transmission, an interference pre-
cancellation might be adopted at the information receiver, to
further improve the received SINR.

An alternative formulation of waveform/beamform design
which considers the information-energy trade-off is to

maximize the information rate under the constraint of the
delivered power, as the dual problem to the aforementioned
one in (25). The mathematical formulation of the dual problem
can be written as

maximize
gE,gI

log(1 + SINRI)

subject to Tr
(

g†
EgE

)
+ Tr

(
g†

I gI

)
≤ P,

E
[
‖yE‖2

2

]
+ E

[
‖yI‖2

2

]
≥ Pth (26)

where SINRI is the received SINR at the information receiver,
yI and yE are the received signal at the energy receiver from
the information transmitter and the energy transmitter, respec-
tively. Pth is the minimum required power delivered to the
energy transmitter.

2) Interference As Security: In [41] and [81], by using
the energy beamform as a secrecy enhancement tool, the
resource allocation algorithm is designed for secure com-
munication in MIMO beamforming systems with concurrent
wireless information and power transfer. This formulation,
named as interference-as-security, was proposed to minimize
the transmit power, by leveraging both the artificial noise and
energy beamforms to facilitate an efficient energy transfer and
ensure the communication security. The system demonstra-
tion is depicted in Fig. 9b, and a generalized and simplified
mathematical problem formulation is written as follows.

maximize
gE,gI ,gAN

log(1 + SINRI) − R

subject to Tr
(

g†
EgE

)
+ Tr

(
g†

I gI

)
+ Tr

(
g†

ANgAN

)
≤ P,

max{log(1 + SINRE), log(1 + SINREa)} = R,

SINRI ≥ RI,

‖yI‖2
2 + ‖yE‖2

2 + ‖yAN‖2
2 ≥ Pth (27)

where SINRI , SINRE SINREa are the received SINR at
the information receiver, the energy receiver, and the eaves-
dropper, respectively. gE, gI and gAN are the waveform-
ing/beamforming vector for the energy transmission, informa-
tion transmission and artificial noise. ‖yI‖2

2 +‖yE‖2
2 +‖yAN‖2

2
denotes the total power delivered at the energy receiver,
which can be decomposed into the energy from the informa-
tion transmission, the energy transfer and the artificial noise
transmission, correspondingly.
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TABLE IV
WAVEFORM/BEAMFORM DESIGN IN WIRELESS POWERED COMMUNICATIONS

In the MIMO beamforming system, given the prior knowl-
edge of energy waveform for interference pre-cancellation
at the intended information receiver, the definitions of
SINRs in (27) are different. For SINRI and SINRE, inter-
ference only comes from IUI of waveform gAN , i.e.,
SINRI = g†

I H†
I HIgI/(g

†
ANH†

I HIgAN + σ 2
I ) and SINRE =

g†
I H†

EHEgI/(g
†
ANH†

EHEgAN + σ 2
I ). On the other hand, the

received SINR at the eavesdropper follows the definition
in (11) and both gAN and gE contributes to the IUI, i.e.,
SINREa = g†

I H†
EaHEagI/(g

†
EH†

EaHEagE + g†
ANH†

EaHEagAN +
σ 2

Ea). HI , HE, HEa represent the channel from the transmitter
to the information receiver, the energy receiver and the eaves-
dropper, respectively. σ 2

I , σ 2
E and σ 2

AE are the noise variance at
the corresponding receiver side. The total power delivered is
given as ‖yI‖2

2+‖yE‖2
2+‖yAN‖2

2 = g†
I H†

EHEgI +g†
EH†

EHEgE+
g†

ANH†
EHEgAN .

The solution of this problem has been studied in [41], which
was solved through a series of relaxations including SDRs.
Then a suboptimal resource allocation scheme with low com-
putational complexity was designed to support both WPT and
secured communication.

However, the mathematical details for the problem in (27)
are more complicated in the wideband waveforming system,
and the related study is still open.

Waveform design for problems in WPT and SWIPT studied
in this section is summarized in Table IV.

VI. SECURED COMMUNICATIONS

In wireless communications, the broadcasting nature of
wireless media grants access to the transmitted information
not only for intended receivers but also for eavesdroppers.
Hence, security becomes a fundamental and critical problem
to the wireless communication system, due to the open-
ness of wireless media that makes it vulnerable to potential
eavesdropping.

Recently, a plenty of research has been conducted to the
information-theoretic physical (PHY) layer security which
exploits the physical characteristics of the wireless fad-
ing channel to offer a perfect secrecy [41]. The artificial
noise (AN) has been proposed as an effective method to impair

the received signals at the eavesdroppers by utilizing the extra
degrees of freedom offered by multiple antennas in the MIMO
system [39]–[42].

In a MIMO beamforming system with the presence of the
artificial noise, the system model is discussed in [40] and [42]
and the details are as follows. Firstly, the transmit signal is
defined as

s = Gdx + GANa (28)

where Gd is the data beamform and GAN is the AN beamform-
ing vector. x denotes the information signal and a represents
the AN signal.

The received signal can be written and decoupled into two
groups, one for the intended receiver Bob and the other for
the eavesdropper Eve. The received signal for the intended
receiver Bob can be written as yb = Hbs + nb = HbGdx +
HbGANa + nb, and the received signal for eavesdropper Eve
is given by ye = Hes + ne = HeGdx + HeGANa + ne.

Here, Hb is the channel between the transmitter and Bob,
nb is the noise at the receiver side of Bob, He is the channel
between the transmitter and Eve, and ne is the noise for Eve.
Moreover, HbGANa = 0, which means the AN precoder GAN

is in the null space of Bob’s channel Hb. Given the fact that
Hb is of full row rank, the precoder, i.e., the AN beamform
GAN is defined as follows [40].

GAN = I − H†
b

(
HbH†

b

)−1
Hb (29)

The optimization problem for the MIMO beamforming with
AN is studied in [42], where the objective is maximize the
secrecy capacity, subject to a SINR and a power constraint.
The performance, measured by achievable ergodic secrecy
rates are analyzed with four different data beamforms and
three different AN beamforms.

In the wideband waveforming system, each tap in the CSI
is viewed as a virtual antenna and the antenna diversity is
achieved by multiple virtual antennas, which enabling the AN
for the secrecy improvement. According to (4), the received
signal at the intended information receiver, Bob, can be rewrit-
ten as yb = Hbgd ∗x+HbgAN ∗a+nb, where Hb is the channel
matrix between the BS and Bob, as defined in (5). gd and gAN
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represent the data waveform and the AN waveform, respec-
tively. x is the transmit information signal and a denotes the
AN signal. nb is a white Gaussian noise at the receiver.

Similarly, the received signal at the eavesdropper is given
by ye = Hegd ∗ x + HegAN ∗ a + ne, where Hb is the channel
matrix between the BS and eavesdropper and ne is the received
white Gaussian noise.

Considering the quality of received signal at the intended
information receiver, we must have the waveforming vector
gAN lie in the null space of the channel matrix Hb, i.e.,
HbgAN = 0. Moreover, in order to have at least one solution for
gAN feasible, Hb must have a full row rank. The channel matrix
Hb as defined in (5), has a dimension of N

(
2�L−1

D �+ 1
)

× L.

Hence, Hb is of full row rank if and only if L ≤ 2N−DN
2N−D when

D < 2N, or L ≥ DN−2N
D−2N when D > 2N. If D = 2N, then

only N = 1 yields a full row rank matrix. The related study
for wideband waveforming in secured communication systems
with AN transmission is still open.

VII. CONCLUSION

By leveraging multipaths in the nature, waveforming is
proposed as a prominent technique for the wideband sys-
tem to exploit spatial diversity. Waveforming harvests large
degrees of freedom, by treating each multipath component
in a multipath channel as a virtual antenna and weighing
and combining information coherently. Hence, the wideband
waveforming becomes an economic and promising solution
to future communication systems which support low-cost
low-complexity implementation and high data rate wireless
services. In this paper, we summarize the novel wideband
waveforming system, and compare it with the conventional
narrowband MIMO beamforming system where high degrees
of freedom are achieved by transmitting with multiple anten-
nas. System models and related optimization problems on
resource allocation, powered wireless communications and
secured communications are studied in detail.
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