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Abstract— Recently, the desired very high throughput of
5G wireless networks drives millimeter-wave (mm-wave) commu-
nication into practical applications. A phased array technique is
required to increase the effective antenna aperture at mm-wave
frequency. Integrated solutions of beamforming/beam steering
are extremely attractive for practical implementations. After a
discussion on the basic principles of radio beam steering, we
review and explore the recent advanced integration techniques
of silicon-based electronic integrated circuits (EICs), photonic
integrated circuits (PICs), and antenna-on-chip (AoC). For EIC,
the latest advanced designs of on-chip true time delay (TTD)
are explored. Even with such advances, the fundamental loss
of a silicon-based EIC still exists, which can be solved by
advanced PIC solutions with ultra-broad bandwidth and low
loss. Advanced PIC designs for mm-wave beam steering are
then reviewed with emphasis on an optical TTD. Different
from the mature silicon-based EIC, the photonic integration
technology for PIC is still under development. In this paper,
we review and explore the potential photonic integration plat-
forms and discuss how a monolithic integration based on photonic
membranes fits the photonic mm-wave beam steering application,
especially for the ease of EIC and PIC integration on a single
chip. To combine EIC, for its accurate and mature fabrication
techniques, with PIC, for its ultra-broad bandwidth and low
loss, a hierarchical mm-wave beam steering chip with large-array
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delays realized in PIC and sub-array delays realized in EIC can
be a future-proof solution. Moreover, the antenna units can be
further integrated on such a chip using AoC techniques. Among
the mentioned techniques, the integration trends on device and
system levels are discussed extensively.

Index Terms— 5G, millimeter-wave, beam steering, true-time-
delay, phase shifter, antenna-on-chip, photonic radio beam
steering, broadband beamforming, phase control units.

I. INTRODUCTION

RECENTLY, 5G wireless networks have stimulated the
development of beam steering techniques. Compared

with 4G wireless communication, the potential 5G wireless
networks are targeted to provide 1000 times higher wireless
capacity [1], [2]. Such a dramatic increase in capacity
motivates the exploration of millimeter wave (mm-wave)
bands for 5G [3]. To meet the required link budget at mm-
wave bands, phased array antenna (PAA) techniques have
been explored [4]. At the base station side (transmitter), the
phased array technique dramatically relaxes the output power
requirement of power amplifiers (PAs). As an example, for a
base station operating at 30 GHz with a 200 meters transmit
range, a 60 dBm EIRP (effective isotropic radiated power) is
needed for a reasonable SNR at the receiver [5]. This is almost
impossible to achieve using a single element transmitter.
However, if a 100-element phased array transmitter is used,
only 20 dBm output power is needed from each PA, which
is reasonable with today’s low-cost fully integrated solutions.
Similarly, at the user-terminal side (receiver), an N-element
phased array receiver can effectively improve the SNR by
N times, which results in the improvement of communication
capacity. For these reasons, mm-wave phased array concepts
for 5G networks have attracted a lot of attention. In 2013,
Samsung proposed a 5G prototype based on 64-element
phased array, which operates at 28 GHz [6]. Recently,
Mitsubishi Electric Corporation together with Nokia also
developed an active phased array antenna prototype to verify
multi-beamforming technology for 5G wireless networks [7].
On integrated circuit level, TowerJazz and University
of California, San Diego (UCSD) have collaborated to
demonstrate the first 256-element (16×16) wafer scale phased
array transmitter [8]. The chip has a measured EIRP of
45 dBm at 60 GHz, which better serves the demands of 5G
base stations with beamforming capabilities.

0018-9197 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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The electronic integrated circuit approach for mm-wave
beam steering typically suffers from bandwidth limitations and
high insertion loss. To break such an electronic bottleneck,
photonic solutions with ultra-broad bandwidth and inherently
low loss are proposed for mm-wave beam steering both at inte-
grated circuit level [9]–[11] and system level [12], [13]. At the
integrated circuit level, electronic integrated circuits (EICs),
with their accurate and mature fabrication techniques, can be
combined with low loss photonic integrated circuits (PICs).
As a results, a hierarchical mm-wave beam steering integrated
circuit can be realized using PICs for large array delays and
EICs for sub-array delays. On the system level, since fiber-
link based front-/back-hauls are the mainstream solutions for
wireless networks, the implementation of photonic solutions
may be beneficial by sharing the same optical transmitters and
parts of the optical receivers. Next to the design challenges of
photonic solutions themselves, the compatibility of PIC and
silicon-based EIC plays a crucial role.

To reduce complexity and interconnection loss, the inter-
connections between antennas and electronic chips should be
shortened or even eliminated. With antenna on chip (AoC)
techniques, antennas can be placed on top of electronic silicon
chips to solve such problems [14]. The challenge of AoC is
in overcoming its limited radiation efficiency.

In this paper, we review and explore the emerging advanced
integration techniques for mm-wave beam steering for 5G and
beyond. The whole paper is organized as follows: in Section II,
the principle of radio beam steering is explained and the
receiver power enhanced by spatial focusing is discussed.
Three types of phase control units (PCUs), namely phase
shifter, true time delay (TTD) and cyclic additional true time
delay (CATTD) are detailed. After that, the basic architectures
for electronic PCUs and photonic PCUs are introduced with
detailed discussion on energy consumption between the two
kinds of PCUs. In Section III, silicon-based integrated circuit
designs for phase control units are reviewed, which consist
of two categories: classical phase shifter circuits and TTD
circuits. For each category, commonly used implementation
methods and techniques are reviewed and discussed. Recently
published delay error reduction techniques are reviewed,
especially for TTE circuits. Finally, the fundamental limi-
tations of electronic integrated circuits for mm-wave beam
steering are discussed. Section IV reviews the techniques
on PICs for PCUs. These techniques include photonic phase
shifter, path-selection-based optical TTD, and optical-filtering-
based optical TTD. The fast developing photonic integra-
tion platforms may provide many opportunities for photonic
mm-wave beam steering circuits. Therefore, we review the
latest generic photonic integration platforms and indicate the
possible options and related issues. In Section V, we review
the recent advanced techniques for AoC in silicon-based inte-
gration platforms and discuss the possible options to increase
the radiation efficiency. Section VI gives the evolution trends
of two potential integration technologies. On device level,
we believe a full integration of electronic circuits, photonic
circuits and antennas on a single chip would be a promising
solution, not only because of its low energy consumption,
compactness and relatively simple processing, but also because

Fig. 1. A typical N-by-1 radio phased array antenna transmitter and a single
antenna. VGA: variable gain amplifiers, TX: transmitter.

of the demand from other markets like data centers. On system
level, the integration of mm-wave beam steering together with
optical wave beam steering would be a strong candidate for
future wireless communications. We conclude the whole paper
in Section VII.

II. RADIO BEAM STEERING

Traditionally, the wireless signal is radiated (for transmitter)
or collected (for receiver) to/from all directions of a covered
region. No matter whether there is a terminal user at one
direction, the energy is consumed. By spatially focusing the
radio signal to a specified direction, the required energy
consumption for data transferring can be efficiently reduced.
Moreover, the spatial interference can be minimized which
allows a better spatial de-multiplexing for parallel data streams
carried on the same carrier frequency. The array antenna with
beamforming can provide such spatial focusing. With the same
transmit power, it can provide a higher received signal since
the signals from different transmitter antennas are summed up.
However, due to the inevitable user mobility, a beam steering
function is thus required to guarantee wireless connections.
Phased array antennas can provide this function. A typical
N-by-1 radio phased array antenna transmitter is used to steer
the radio beam as shown in Fig. 1, by tuning the phase shifters
of different element antennas.

A. Spatial Focusing and Filtering of a PAA

To illustrate the spatial focusing of a PAA, we compare an
N-by-1 phased array antenna transmitter with a single antenna
transmitter as shown in Fig. 1. Both transmitters radiate the
same total radiation power Pt . All engaged element antennas
are with the same far-field pattern. For the case of single
antenna transmitter, the received power can be written as:

Pr = a E2
r = Glink Pt

Glink = GT G R

(
λ

4πd

)2

In this equation, Er is the received electric field, and a is
constant. d is the transmission distance. GT and G R denote
the receiver and transmitter antenna gain, respectively, and
λ is the free-space wavelength. Glink is the total antenna
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Fig. 2. Basic concept of a one-dimensional 4-element phased array
transmitter.

gain including the free space link loss. For the N-by-1 PAA,
the transmitted power from each element antenna is Pt/N,
therefore the received power is:

P ′
r = a ·

(
N∑

i=1

Er,i

)2

= a ·
(

N · √Glink · Et√
N

)2

= N · Glink · a · E2
t = N · Glink Pt = N · Pr

It is obvious that the receiver power is enhanced with a
factor of N (antenna gain), which makes the signal transfer
more energy efficient. Now we briefly explain the beam
steering concept of a PAA. Fig. 2 shows the basic concept
of a one-dimension 4-element phased array transmitter, where
d is the distance between two antenna elements, θ is the angle
of the incoming signal, and τ is the time delay between two
adjacent antennas. With an equal distance d between antennas,
τ can be expressed as:

τ = d sin θ

c
(1)

where c is the speed of light in the air. Since in practice, d is
fixed once the antenna array is fabricated, τ is constant versus
frequency. As a result, the signals split from Sin node need
to be delayed in a frequency-independent manner by TTDs
before they arrive at each phased array transmitter element to
compensate the time delay τ . Eq. 1 can also be written in the
form of a frequency dependent phase shift:

φ = ωsigτ = 2πd sin θ

λsig
(2)

where ωsig and λsig are the angular frequency and the wave-
length of the incoming signal, respectively. Note that ωsig does
not necessarily equal to the frequency at which the antenna
is designed. To distinguish the two, the antenna operating
frequency is denoted as ωAnt . To prevent multiple main beams
(grating lobes) [15], the spacing d is usually chosen close to
half of the antenna wavelength, i.e. d = πc/ωAnt . As a result,
Eqs. 1 and 2 can be reformed as:

τ = π · sin θ

ωAnt
(3)

φ = π sin θ
ωsig

ωAnt
(4)

Fig. 3. Comparison of (a) phase response and (b) delay response between
a classical phase shifter and an ideal true time delay.

Fig. 4. Comparison of (a) phase shifter and (b) true time delay based beam
steering with frequency from 8-12 GHz in a 1-by-8 array.

As ωAnt is fixed, the phase shift φ in Eq. 4 is a linear function
of the signal frequency ωsig . In a narrow band system where
it can be assumed that ωsig ≈ ωAnt , Eq. 4 reduces into the
well-known equation:

φ = π sin θ (5)

However, for a broadband system, TTDs are required to satisfy
Eq. 3 to allow a squint-free beam steering.

B. Phase Control in a PAA

Here we briefly discuss the operation principle of phase
shifters and TTDs. Afterward a recently proposed concept
of CATTD is explored. From Eqs. 3 and 5, we know that
two major phase control approaches can be utilized for a
PAA, namely phase shifters and TTDs. Phase shifters only
suit narrow band operation. As shown in Eq. 4, when the
signal bandwidth increases, the assumption ωsig ≈ ωAnt does
not hold anymore and a TTD is required. Fig. 3 shows the
comparison of the phase response (Fig. 3a) and delay response
(Fig. 3b) between the ideal TTD (dash) and the classical
phase shifter (solid). The ideal TTD exhibits a linear phase
response and a constant delay response over the frequency.
The classical phase shifter, which provides constant phase shift
over the frequency, can only approximate the required delay
near the center frequency f0. Assume the received signal has
a bandwidth from fmin to fmax , the realized delay using a
classical phase shifter significantly varies over the frequency
(Fig. 3b). As a result, the beam angle of the transmitter or
receiver changes as a function of signal frequency, which is
referred to as the beam squint phenomenon [16]. The beam
squint is shown in Fig. 4 based on a 1-by-8 phased array
of omnidirectional antennas at 10 GHz with 4 GHz data
modulation bandwidth. The 1-D array is linear with an element
distance which equals to half of the wavelength at 10 GHz
and 56° element phase shift is applied for all frequency
components. As shown in Fig. 4(a), the far-field patterns
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Fig. 5. (a) principle of spatial filtering, (b) principle of spatial filtering and
spectral filtering, E A = electrical amplifier, T = duration of carrier frequency,
τ = propagation delay.

at 8 GHz, 10 GHz and 12 GHz are plotted as the red dash
line, the black solid line and the blue dash line, respectively.
It is obvious that the beams are directed at different angles for
different frequencies. For the TTD, the delay is set to 15.6 ps
(equal to 56° phase shift at 10 GHz), and the main lobes of
far field patterns at 8, 10 and 12 GHz are steered to the same
direction as shown in Fig. 4(b). It is clear that the TTD is
suitable for broadband radio beam steering.

For a uniform linear array as shown in Fig. 5, the array
factor (AF) with TTD can be generally expressed as:

AF(θ, f ) =
L−1∑
l=0

Al exp

[
j
2π f ld

c
(− sin θ + cτ

d
)

]
(6)

where θ is the observation angle as shown in Fig. 5, f the
frequency of the microwave signal, L the number of antenna
elements, d and τ the distance and time delay between the two
adjacent antenna elements, and Al is the amplitude weights for
antenna element l (Al = 1 for a uniform linear array). The
AF can be further optimized if proper amplitude weights are
added. As shown in Fig. 2, τ is the propagation delay between
the beams from two adjacent element antennas. According to
Eq. 6, the maximum value of AF is achieved when the term
(− sin θ + c × τ/d) equals to zero. In other words, the main
lobe of the antenna beam points to the angle θ when τ is equal
to d × sin θ/c.

In the following, the properties of the CATTD are explored.
When the additional delay is introduced with integer multiples
of the period (mTp) of the microwave carrier, the AF can be
re-written as:

AF(θ, f ) =
L−1∑
l=0

Al exp

[
j
2π f ld

c
(− sin θ + cτ

d
)

]
︸ ︷︷ ︸

Spat ial Filtering

× exp( j2π f lmTp)︸ ︷︷ ︸
Spectral Filtering

(7)

where Tp is the period of the microwave carrier, and m is an
integer. First we only consider the spatial filtering (m = 0).
When τ is equal to d × sin (θ)/c, the first exponential term
(spatial filtering term) of Eq. 7 reaches its maximum of 1.
It means that the main lobe directs to the θ direction for all
frequencies. When the spatial filtering term is determined, the

Fig. 6. Different electronic phase shifting architectures (a) RF phase shifting
(b) IF phase shifting (c) LO phase shifting and (d) digital phase shifting.

value of AF is only affected by the second exponential term,
which is essentially a microwave photonic filter. It is clear
that the spectral filtering of the received microwave signal in
the θ direction can be controlled by tuning the integer m.
The spectral filtering operation is illustrated in Fig. 5(b).
At the direction of the main lobe of the carrier frequency,
the RF signals from different element antennas are combined
in space with m × Tp delay difference. The resulting spectral
filtering is shown schematically in Fig. 5(b). The free spectral
range (FSR) of the microwave filtering equals to 1/(m × Tp).
Note that the main lobe of the suppressed frequency (instead of
the carrier frequency) directs to other directions rather than θ .

The optical operation of the additional delays introduces
negligible power degradation since the optical loss can be very
low. The CATTD scheme can be based on either path selection
or dispersion. The additional delays for spectral filtering will
not add significant complexity.

C. Electronic Phase Control Units Versus Photonic Units

Here we discuss the basic operation of electronic phase con-
trol units and their photonic counterparts. Later, in Section III
and IV, their concrete realizations will be detailed.

With mature integration technologies such as (Bi)CMOS,
most electronic phase control units are realized on integration
platforms. Therefore, the following discussion is mainly about
integrated solutions, but the principle is also applicable to
other solutions. For the electronic PAA transmitter or receiver,
as shown in Fig. 6, there are several ways to control the
phase shift between adjacent antenna elements: RF phase
shifting [17], intermediate frequency (IF) phase shifting [18],
local oscillator (LO) phase shifting [19], [20], and digital phase
shifting [21].

Among all of these solutions, RF phase shifting
architecture repeats only the RF components, i.e. low
noise amplifier (LNA) and phase shifter, in each channel
and is therefore the most compact architecture (Fig. 6a).
The drawbacks of RF phase shifting are the increased
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Fig. 7. General process procedures of photonic phase control.

noise figure (NF) and nonlinearity introduced by RF phase
shifters. LO phase shifting (Fig. 6c) avoids degrading the
RF performance by realizing the required delay in the LO
paths before feeding to the mixer of each channel. However,
it requires multiple mixers and a LO distribution network.
Especially at mm-wave frequencies, long distance LO routing
may introduce undesired coupling between different blocks
and degrade the phase noise of the LO signal. When the
delay is implemented at lower frequencies, such as in IF
and digital phase shifting architecture (Fig. 6b and Fig. 6d),
more design flexibility such as signal processing and different
calibration algorithms can be applied. However, compared to
RF and LO phase shifting, even more circuit blocks have to
be integrated before signal combining, resulting in significant
power dissipation. Another important advantage of RF phase
shifting is the suppression of strong interference by combining
multi-channel signals at very early stage. Therefore, RF phase
shifting greatly relaxes the linearity requirement of the
following receiver blocks. On the other hand, digital phase
shifting requires the analog-to-digital converters to have much
higher dynamic range due to the strong interference, which
are extremely power hungry. Therefore, in this paper we
mainly discuss the RF phase shifting architecture (Fig. 6a).

The main challenge for RF phase shifting in electrical
beam steering is its high insertion loss. As an alternative
solution, photonic phase control with ultra-low loss offers a
new option to break the electronic bottlenecks. The general
processing of photonic phase control is shown in Fig. 7.
It is similar to the RF phase shifting architecture in electronic
PAA, but performs the phase control in optical domain.
As discussed in [22], the insertion of photonic phase
control units in a radio beam steering link does not degrade
the receiver performance if proper amplifiers are used,
and the optical losses are sufficiently low. To allow the
photonic phase control, the mm-wave signal needs to be
converted to an optical signal, noted as electro-optical (E/O)
conversion in Fig. 7. The converted optical signal is then
manipulated via optical devices for the desired phase curve.
After opto-electronic (O/E) conversion, the photonic phase
controlled mm-wave signal can be obtained. Even though the
photonic phase control is with low loss, the E/O and O/E
conversion may introduce unwanted insertion loss. As shown
in [23, eq. (6.27)], the loss of the popular mm-wave analog
optical links based on Mach-Zehnder modulators can be
expressed as:

G[d B] = −22.1 + 20 log

(
Idc[m A]
Vπ [V ]

)

where Vπ is the switching voltage of the engaged MZM, and
Idc is the DC current of the employed photodiode (PD). In a
typical link, there are, a laser with +10 dBm output power,
a typical MZM with the insertion loss of −3 dB and the Vπ

of 4 V, 2 dB fiber link loss (less than 10 km), and a typical
optical receiver (p-i-n type PD cascaded with trans-impedance
amplifier) with 8 A/W responsivity, its loss is −3 dB. However,
for the practical implementation, the RF loss may be larger
than the calculated value. Therefore, for a practical system, the
energy saved in the photonic phase control should be higher
than the energy paid for the E/O/E conversion. Therefore,
photonic phase control units are usually proposed for RF
control, especially for high frequencies at which the electronic
counterparts have high loss. Accordingly we mainly discuss
the photonic RF phase control unit in this paper.

D. Discussion of Energy Consumption of Two Kinds of PCUs

The phase shifting units (or delay units) in both electronic
and photonic implementations can be passive and have no sta-
tic power consumption. However, to compensate their insertion
loss, electrical amplifiers are required. Especially at mm-wave
frequencies, these amplifiers can consume significant amount
of power if a high dynamic range is required. As mentioned
above, for photonic phase control, additional power is required
for the E/O/E conversion.

It is not straightforward to compare the power consumption
of the two approaches, i.e. photonic and electronic phase
control. For instance, the power consumption of the amplifiers
depends on a variety of system specifications such as NF,
linearity, gain and bandwidth, which may be different in either
approach. However, some trends can be estimated with certain
assumptions. For example, one can assume that both photonic
and electronic beam steering systems use the same kind of
amplifiers and have the same dynamic range. As a result,
the power consumption required for signal amplification is
approximately proportional to the insertion loss of the phase
control units.

One can imagine that in this case the electrical phase shifters
may have less power dissipation if the system is narrow band,
or the system is wideband but with only a small amount
of TTD control. This is because in both cases the insertion
loss of the electrical phase control units is relatively small.
In the first case, if the system is narrow band, as discussed
in Section II-B, a 360° classical phase shifter can be used to
approximate any amount of delay. As a result, the insertion
loss will be more or less fixed and is independent of the total
amount of delay. In the second case, although the system
is wideband and requires TTDs, the insertion loss is also
acceptable as long as the amount of variable delay is not
large, e.g. less than 360° at the carrier frequency. In optical
solutions, however, even though the phase control unit has
ultra-low loss, the E/O/E conversion requires relatively high
power consumption.

However, as the system bandwidth increases and the array
size scales up, the insertion loss of the electronic TTD units
will dramatically increase (see Section III-E for detail) and
quickly overweigh its photonic counterpart. As a result,
for large-scale arrays, the photonic solution will become
more energy efficient. One example is the base station with
wideband beam steering capability for future 5G wireless
networks, which may consist of hundreds of array elements.
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Fig. 8. Quadrature vector modulator based phase shifter.

Furthermore, the photonic solutions also benefit from the
deployment of fiber based wireless front-/back-hauls.

III. SILICON-BASED INTEGRATED ELECTRONIC

PHASE CONTROL CIRCUIT

Recently, the development of technologies such as CMOS,
SOI, and SiGe enables the design of large scale fully
integrated mm-wave phased array circuits and systems on
silicon [24]–[26]. Compared to III-V semiconductor based
technologies, e.g. GaAs and InP, silicon-based technologies
have a higher level of system integration and lower cost. In this
section, the silicon-based phase control circuits are discussed.

A. Integrated RF Phase Shifter Versus RF TTD

The RF phase shifter is a key component in a phased array
system for beamforming and beam steering. According to the
phased array concept discussed in Section II, to constructively
sum the signals at the desired direction, different amounts of
time delay should be realized at each receiver or transmitter
channel [27]. In practice, however, if the signal bandwidth
is small, the time delay can be approximated by a certain
phase shift at the signal frequency. Due to the periodic nature
of the phase rotation (0° to 360°), classical phase shifters
which covers 360° phase shift can be used to approximate
any amount of delay for beam steering. Unfortunately, for
wideband systems, TTDs have to be used to avoid beam-squint
phenomena [16]. The beam-squint degrades the signal quality,
system bandwidth, and the directivity of the beam pattern.

B. Current Integrated Phase Shifter Designs and Limitation

Although the classical phase shifters can result in beam-
squint effect, they are proven sufficient for most of the
narrow band phased array systems. Therefore, they have been
extensively explored in literatures. There are many ways to
implement RF phase shifters in silicon. One popular imple-
mentation is based on quadrature vector modulator [26], [28].
As shown in Fig. 8, an I/Q (in-phase and quadrature) genera-
tion circuit is used to split the input signal into I and Q paths.
Each path then passes through an individual variable gain
amplifier (VGA) for amplitude scaling. The output signal is
formed by summing the scaled I and Q vectors. As a result,
with different amplitude ratios between the I and Q vectors, the
phase of the output signal (ϕ) can be adjusted. To get ϕ in all
four quadrants, one can choose to sum different combinations
of I± and Q± nodes. For instance, by adding I- and Q+ signal
with 1:1 ratio, the output signal can obtain a phase shift
ϕ = 135°. However, the VGAs usually limit the linearity

performance of the phase shifter, i.e. input 1 dB compression
point (IP1dB) and input 3rd order intercept point (IIP3). For
applications that require high IP1dB and IIP3, this type of
phase shifters will result in high power dissipations.

For low power applications, passive phase shifters can be
implemented by using switched filter [17], [29]–[31]. These
phase shifters typically employ 4 or 5 bits digital phase con-
trol, resulting in a phase tuning resolution of 22.5° or 11.25°.
Due to the passive architecture, the phase shifters have almost
no DC power dissipation and exhibits very high power han-
dling and linearity performance, e.g. IP1dB and IIP3. One of
the drawbacks of this type of phase shifters is the relatively
large insertion loss. The amount of insertion loss highly
depends on the operating frequency and the technologies, but
typically the insertion loss is around 10-15 dB at 30-50 GHz
frequency range [17], [30].

C. Current Integrated TTD Designs and Limitation

With the increasing demand for high speed communication,
wideband transceivers have become attractive. To apply
phased array techniques in these wideband systems, TTDs
are required to perform broadband beamforming. Various
TTD techniques have been explored in the literature. Within
the silicon-based TTD solutions, switched transmission
line [32]–[34] and switched LC-network [35] are the
most commonly used techniques as they have low power
dissipation and high linearity. However, more than 10%
relative delay error over the bandwidth can be observed in
these implementations. Besides, to achieve large total variable
delay, these techniques usually occupy a large chip area. There
are also active TTD solutions proposed based on RC or gm-RC
filters [36], [37] which achieved large variable delay within a
small die area. Especially in [36], the resulted delay error is
less than 4%. However, these techniques were only explored
at frequencies below 10 GHz. Recently two silicon-based low-
delay-error TTDs have been presented in [38] and [39]. One
of the TTDs achieves 6.6% delay error over 20-40 GHz and
the other one even achieves 3.9% delay error over 10-50 GHz.
However, both TTDs have an insertion loss of more than 15 dB
and need a multistage amplifier for gain compensation [40].

D. Recent Studies for Low Delay Error Integrated TTD

1) Compact gm-C All-Pass Filter: At low GHz frequencies,
time-delay cells realized by LC delay lines or transmission
lines are very bulky. In [36], a compact RF TTD is presented
based on gm-C filters using a 0.16μm CMOS technology. The
gm-C filter cell is synthesized based on the first-order all-pass
filter transfer function: (1-sC/gm)/(1+sC/gm). The block view
of the gm-C all-pass filter is shown in Fig. 9. Due to the
all-pass characteristics, the gain variation over different delay
settings is less than 1 dB.

Fig. 10 shows the system architecture of the 4-element
phased array receiver frontend chip. The four received signals
are first amplified by an LNA with differential outputs. The
total delay is sub-divided into fine and coarse delay cells, both
implemented based on the all-pass gm-C cells shown in Fig. 9.
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Fig. 9. Block view of the gm-C all-pass filter ([36, Fig. 4]).

Fig. 10. System architecture of 4-element phased array receiver frontend
chip ([36, Fig. 16]).

Fig. 11. Mechanism of delay variation cancelation ([38, Fig. 2]).

As the gm-cell in each delay cell has performed the voltage-
to-current conversion, different channels can be combined at
the output node directly in the current domain instead of using
a bulky Wilkinson combiner.

With the LNA, each receiver channel presents
15 dB±1.4 dB gain with a NF of 8-10 dB. The TTD
provides 550 ps total variable delay with 13 ps delay
tuning resolution and presents less than 2% delay error
from 1-2.5 GHz. Each receiver channel consumes in average
90mW power from a 1.5 V supply voltage. As the delay cells
are inductorless, the TTD core only occupies 0.07 mm2 chip
area.

2) Delay Error Cancellation: To reduce delay error for TTD
at mm-wave frequencies, a delay error cancelling architecture
is proposed in [38]. The phase shifter combines two differ-
ent types of delay cells: LC network and gm-RC network.
As shown in Fig. 11, the delay of the gm-RC delay cell
decreases as the frequency increases while the delay of the

matched LC π-network increases. As a result, by cascading
the two types of delay cells in a proper way, the increasing
and decreasing trends will cancel each other resulting in a
flat delay response over a large frequency band. Based on
the delay error cancelling technique, a compact and fully
differential active TTD has been presented in [38] using a
0.25μm BiCMOS technology. As shown in Fig. 12 (plotted
in single-ended for simplicity), coarse tuning and fine tuning
are combined to satisfy both the large total variable delay
and high tuning resolution. The fine tuning stages consist of
3-stage Varactor-loaded LC-networks and the coarse tuning
stages consist of 3-stage gm-RC cells. The delay error from
fine tuning stages (LC) and coarse tuning stages (gm-RC)
cancel each other and enable the complete TTD with a low
delay error. The gm-RC cells are able to operate at different
supply voltages, i.e. from 1.5 V to 2.7 V, without degrading
the TTD performance. Each differential gm-RC stage in
high power mode (2.7 V) draws 27 mA, and in low power
mode (1.5 V) consumes 11 mA.

The core area of the phase shifter is less than 0.1 mm2.
According to the fitted Gaussian distribution of relative delay
error measured over 13 samples, the phase shifter presents
an average delay error of 6.6% at 20-40 GHz, with in
total 12 ps continuous variable delay. The phase shifter
presents an available gain of −10.5 dB, an insertion loss of
15.5 dB at 30 GHz and an almost constant input impedance,
i.e. |S11| < −15 dB for all delay settings. In the high (low)
power mode, the measured IP1dB and IIP3 are +9.7 dBm
(+3.6 dBm) and +18 dBm (+13 dBm) at 30 GHz. The
average power consumptions per channel are 145 mW for high
power mode and 33 mW for low power mode.

3) Broadband Matching Architecture: The delay error can-
celling technique results in very low delay error, but it con-
sumes significant DC power (especially at high power mode)
and exhibits a limited linearity performance. In [39], an alter-
native passive TTD architecture is proposed, which achieves
even lower delay error without consuming any DC power.
In this architecture, each LC delay network is constantly
well matched during the delay tuning. As indicated in [40],
a well-matched LC π-network inherently offers wideband
TTD response with very low delay error. As shown in Fig. 13
the broadband matching architecture consists of two signal
paths. One of the paths serves as a delay path and is imple-
mented by cascaded LC π-networks. The other path is based
on coplanar waveguide transmission lines (TLs) and serves as
interconnects between two discrete delay cells. The delay tun-
ing is achieved by activating the appropriate switches between
the two paths. The LC π-network in a delay path incorporates
switches in ground branches thus can be switched between two
characteristic impedances. By fulfilling the broadband match-
ing condition ([39, eq. (1)]), each LC delay cell can be well
matched for all the delay settings over tens of GHz frequency.

Based on the broadband matching technique, a passive TTD
using broadband matching architecture has also been presented
in [39]. The design is fabricated using a 0.25μm BiCMOS
technology. The delay of the TTD is controlled by 6 bits digital
signal, i.e. 3 bits for 7 stages coarse tuning, plus 3 bits for
fine tuning, and 1 analog signal. The TTD provides 32.8 ps
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Fig. 12. Block diagram of TTD in [38], the design is fully differential, but plotted here as single-ended for simplicity.

Fig. 13. Broadband matching TTD architecture ([39, Fig. 1]).

continuous variable delay, and presents only 3.9% delay error
from 10 GHz to 50 GHz. The insertion loss of the passive
TTD is 15.5±1.3 dB at the center frequency of 30 GHz, with
the root mean square gain variation of less than 3 dB from
10 GHz to 37 GHz.

The measured input reflection coefficient is well below
−10 dB up to 40 GHz, and degrades to −8 dB at 50 GHz. The
measured worst-case IP1dB and IIP3 at 30 GHz are +15.5 dBm
and +24.7 dBm, which, when used in a receiver, enables a
high-gain amplifier in front to compensate the loss and to
suppress the overall NF.

E. Fundamental Challenge of On-Chip
TTD RF Phase Shifter

In this section, besides these circuit level challenges, the
fundamental scalability challenges in terms of loss, power
consumption, chip area and linearity are discussed. Different
from the phase delay, time delay does not have periodic
characteristics. In other words, with an increase in the size
of antenna array, the on-chip TTD need to implement more
and more time delays. This will eventually result in system
level issues regarding insertion loss, power consumption, chip
area, and linearity.

First of all, on chip TTD circuits with large variable delay
can result in significant insertion loss at mm-wave frequen-
cies. For instance, in [41] a large time delay of 400 ps is
realized up to 20 GHz. However, the resulted insertion loss
at 20 GHz is more than 40 dB. This is because passive
components such as inductors and transmission lines have
a poor quality factor in silicon due to the lossy silicon
substrate, e.g. a typical transmission line loss in silicon is
around 0.4-0.5 dB/mm at 40 GHz. However, the waveguide
loss for integrated photonic implementation can be as low
as 0.05 dB/mm (Table I). In addition, when more time delays
are to be implemented, more delay tuning circuits are needed,

TABLE I

OVERVIEW OF STATE-OF-THE-ART SILICON-BASED AoC

e.g. switches and varactors, which are also very lossy at
mm-wave frequencies due to parasitics. To compensate such a
large insertion loss, more amplification stages must be added,
which increases the power dissipation and limits the overall
system linearity. Additionally, the TTD circuits at mm-wave
frequencies are mainly based on inductors and transmission
lines. The implementation of large variable delay leads to a
large chip area with increased cost.

IV. INTEGRATED PHOTONIC PHASE CONTROL CIRCUIT

To address the fundamental limitations from electronic
phase shifting circuits, a lot of research has been done by
exploring the prominent features of PICs, including ultra-low
loss, ultra-broad bandwidth, very small footprint and potential
high volume production compared to discrete component
counterpart. In general, the core idea of the related research
is to move the signal processing task from radio domain to
photonics domain, which is usually referred to as microwave
photonics [45]–[47]. An obvious advantage of photonic solu-
tion is the propagation loss. Taking standard single mode fiber
links as an example, one micro-second delay only introduces
0.04 dB insertion loss. To allow a fair comparison between EIC
and PIC, we list the waveguide losses of three representative
generic-foundry-based integration platforms for InP, SiN and
SOI in TABLE I.

These losses are much lower than electrical loss. More
importantly, the loss is almost independent of the frequency
of modulated mm-wave signal. In principle, with a given
material system, optical loss can be further reduced with
an improved process. To combine the accurate and mature
fabrication of EIC and low loss of PIC, a hierarchical
mm-wave beam steering integrated circuit with large array
delays realized in PIC and sub-array delays realized in EIC can
be a future-proof solution. In this section, we will first review
the advanced techniques for photonic phase control circuits.
Then we will review and discuss the potential PIC platforms
to allow monolithic integration of EIC and PIC in a single
chip.
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Fig. 14. (a) optical spectrum of heterodyne process, (b) RF spectrum of
generated microwave signal after heterodyne, CW = continuous wave laser,
OC = optical coupler, PD = photodiode.

A. Integrated Photonic mm-Wave Phase Shifter

Similar as the (Bi)CMOS counterpart, the photonic phase
control circuits also include phase shifters and TTDs. There
are many proposed photonic mm-wave phase shifters based
on discrete fiber-pigtailed components or free-space optics
components. Here we mainly focus on photonic integrated
solutions of photonic mm-wave phase shifters.

An effective method to generated mm-wave phase shifting
in optical domain is to shift the phase of optical signal in a
heterodyne beating process. The mm-wave signal generated
through optical heterodyning is depicted in Fig. 14. One
optical carrier to convey data at different frequencies (ωo and
ωo + ωmm ) are coupled and detected at a PD. A mm-wave
signal is then generated at the output of the PD at a frequency
corresponding to the spectral separation of the two optical
carriers. If the two optical carriers are written as:

E0(t) = cos(ωot + ϕ0)

E1(t) = cos(ωot + ωmmt + ϕ1)

then the generated mm-wave can be expressed as:

E	(t) = μ cos [ωmmt + (ϕ0 − ϕ1)] (8)

where μ is determined by the responsivity of an engaged PD.
As shown in Eq. 8, by optically controlling either ϕ0 or ϕ1,
the phase of the generated mm-wave can be tuned.

The benefits of such approach are obvious. The optical
phase modulation usually contributes low additional loss com-
pared to (Bi)CMOS phase shifter, in which a typical loss
for 360° phase shift is 10 dB. The frequency and phase of
a resulting mm-wave can be easily tuned. Moreover, in such
scheme, the single sideband data modulation is inherently
guaranteed, which can relieve the walk-off effect induced by
fiber dispersion [48].

The photonic phase shifters such as electro-optical (EO)
phase modulators are available commercially. However, the
large phase noise of an optical carrier can degrade the resulting
mm-wave, which limits its applications. This is especially
severe for free-running semiconductor laser diodes, which
typically have linewidths in the MHz range. A compact
and tunable microwave signal generator is realized based
on photonic integration of two DFB lasers and an EAM in
between [52] but the phase noise of the generated microwave
signal is still relatively large. An optical carrier modulated by

Fig. 15. Integrated devices for photonic radio beamformer based on photonic
phase shifter [49]–[51].

Fig. 16. Principle of optical true time delay.

a low phase noise electrical LO [53] can also be utilized to
overcome the phase noise issue. However, since the generated
optical sidebands experience the same process, applying phase
shifting on only one sideband is difficult to achieve. To address
this issue while keeping the flexible phase shifting, optical
phase locked loop (OPLL) concepts have been proposed [50],
[54]–[58]. The pioneer research based on PIC can be dated
back to 1990s [49], [59]. A representative solution of photonic
radio beamformer is demonstrated in the early days [49] for
both transmitter and receiver with a very high integration. For
a transmitter, it includes a fully integrated optical microwave
transmitter (OPLL shown as Fig. 15(a) and EO modulator),
and a PIC based 1:16 photonic beam former with optical radio
phase and amplitude control unit as shown in Fig. 15(b).

In 1999, such OPLL obtained a state-of-the-art
performance, with a total phase error variance of 0.05 rad2

(1-GHz bandwidth) and a carrier phase error variance of
7×10−4 rad2 in a 15-MHz bandwidth [50]. For receiver
mode, it consists of a PIC-based optically fed receiver module
(EO modulator) as shown in Fig. 15(c) and a multichannel
optical receiver. Optical filters or other physical effects can
be also utilized to create different phase shifts between
two different optical carriers, as photonic mm-wave phase
shifters. Due to the beam squint induced by phase shifters,
its application in broadband communications is limited.

B. Integrated Optical True Time Delay

Optical true time delay (OTTD) lines can provide ultra-low
loss and broadband delay, which suits the high throughput
mm-wave beam steering. The principle of OTTD is depicted
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in Fig. 16. An RF signal is generated by mixing a microwave
LO and a data signal. The RF signal is modulated onto an
optical carrier via an optical intensity modulator (IM) and then
fed to the optical delay network (ODN). The ODN includes
two branches. The left one is delayed by an OTTD which can
be implemented as an optical waveguide with a specific length.
The modulated optical signal can be expressed as:

So(t) = Eo(1 + γ Se(t)) cos( jωot)

where Eo is the amplitude of the optical carrier, ωo its angular
frequency, γ the modulation depth, and Se(t) the microwave
signal. The replica of the optical signal passes through the
OTTD with negligible dispersion. The delayed signal can be
written as:

So(t) = Eo(1 + γ Se(t − τg)) cos( jωo(t − τp))

where τg denotes the group delay and τp denotes the phase
delay. For the medium without dispersion, τp is identical to τg .
The τg can be tuned either by physical path length or optical
filtering as elaborated below. The output optical signals are
then converted back to the RF signals via a PD. The detected
signal can be written as:

Sd (t) = μ |So(t)|2
= μE2

o︸︷︷︸
DC

+ 2μγ E2
o Se(t − τg)︸ ︷︷ ︸
signal

+ μγ 2 E2
o S2

e (t − τg)︸ ︷︷ ︸
beat ing

It can be seen that the signal term and the beating noise term
both exist in the detected signal. For microwave signals mod-
ulated on optical carriers, the frequency of the beating term is
usually twice as high as that of the microwave signals which
can be easily filtered out. The DC component will be blocked
by the electrical amplifiers (EA) and the antennas. Thus the
signal broadcasted from the antennas can be written as:

Sd (t) = 2μγ E2
o Se(t − τg)

It is clear that the detected microwave signal has been delayed.
This will result in the steered beam in the system.

Traditionally, tunable OTTDs are realized either by discrete
components or integrated solutions. Categorized by the
methods of group delay manipulation, there are different
implementations: 1) physical path length induced delay, both
in free-space [60], [61] and in wave-guided medium [62]–[71];
2) group delay induced by wavelength tuning of chromatic
dispersion devices [72]; 3) group delay induced by optical
filters [73], [74]; 4) group delay induced by other physical
effects [75], [76]. With ultra-low transmission loss and
ultra-high compactness, the integrated OTDLs are widely
considered as a key step towards the practical implementation
of broadband large-scale photonic mm-wave beamformer.
Mostly, there are two popular approaches for the integrated
tunable OTTDs. The first kind is based on the on-chip optical
delay induced by path length [9], [67], [68], [70], [77]–[80],
and the second kind is based on tunable group delay of
optical filters [22], [73], [74], [81]–[86] or other physical
effects [75], [76].

For the first kind of integrated tunable OTTDs, the
group delay is generally tuned by path selection. The

Fig. 17. Wavelength dependent delay selection, (a) general architecture,
(b) symmetric AWG-loop.

polymer waveguide switch with switching time of 4 ms
is demonstrated for tunable OTTD in [67]. Mach-Zehnder
interferometer (MZI) switch can provide much shorter
switching time because of the inherent fast response of
electro-optical effect [9], [13]. As a representative example
of the first kind, a photonic mm-wave beam steering chip
with wavelength (de-)multiplexers, discrete delay lines and
MZI switches was proposed by F. Soares et al. in [9]. In this
chip, an arrayed waveguide grating (AWG) is used as the
(de-)multiplexer for wavelength separation. Delays for dif-
ferent antennas are step-wise tuned by a 3-stage MZI-switch.
In general, such kind of integrated tunable OTTDs can provide
broadband but step-wise delays. The angular resolution of
radio beam steering then depends on the number of steps.
Next to the active on-chip switch, the path selection can also
be done by wavelength tuning.

As shown in Fig. 17(a), a pair of wavelength multiplexer
and de-multiplexer with different delay lines in between can
provide path selection by wavelength tuning. The N-by-N
symmetric optical spectral multiplexer, for instance AWGs,
can be utilized for both multiplexer and de-multiplexer simul-
taneously [10], [11], [87]–[89]. As shown in Fig. 17 (b), with
the loop-back delay lines in between, the AWG feedback
loop (AWG-loop) configuration is formed for wavelength
selective optical delay lines. The wavelength tuning of optical
carrier can result in the path (and therefore delay) selection.

There are some advanced features of the AWG-loop: 1) by
re-using the same AWG as multiplexer and de-multiplexer,
its footprint can be significantly reduced; 2) its fabrication
tolerance is enhanced since the relative spectral mis-alignment
between multiplexers and de-multiplexers vanishes; 3) it can
support remote control of optical delays with wavelength
tuning, enabling stable and centralized operations by only
tuning one parameter (wavelength). Y. Tachikawa et al.
patented this AWG-loop configuration for optical signal
splitting and insertion, optical buffer memory and delay
equalization in 1994 [88]. Later in 1996, they further
studied an AWG-loop as an add-drop multiplexer (ADM)
experimentally. The AWG-loop comprises a 16-by-16
symmetric AWG with 30×40 mm2 footprint and discrete
loop-back fibers. The AWG-loop exhibited −3.9 dB insertion
loss and −28 dB inter-channel crosstalk.

In the same year of 1996, S. Yegnanarayanan et al. experi-
mentally investigated the AWG-loop with discrete fiber delay
lines for phased array antenna and wavelength code division
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Fig. 18. The measurement of a fully integrated InP AWG-loop: (a) its photo and measured insertion loss, (b) its measured delays.

Fig. 19. The continuous group delay tuning of an optical ring resonator [22].

multiple access networks [77]. Four delays of 5, 10, 25, 30 ns
generated by off-chip fibers are characterized with carrier fre-
quency from 10 MHz to 40 MHz. In 2008, N. K. Fontaine et al.
demonstrated a fully integrated AWG-loop for an optical
arbitrary waveform generator, but the loop-back waveguides
are intentionally equalized to allow the time synchronization
among each processed spectral lines.

Recently we realized and characterized a fully integrated
InP AWG-loop [89] with a footprint of 1.3×2.7 mm2

and SOI AWG-loop with a footprint of 0.3×0.8 mm2 for
mm-wave beam steering [10]. The photo of the fabricated
InP AWG-loop, its measured insertion loss, and its measured
delays are shown in Fig. 18.

The experimental results show less than 6.5 dB inser-
tion loss of the integrated delay line. Five different delays
from 0 ps to 71.6 ps are generated with less than 0.67 ps
delay errors. The four level linear delays with 12 ps range are
clearly observed.

Different from the first kind of approach, the second one
can provide continuous tuning of the group delay usually
based on optical all-pass filters. In 2001, C. K. Madsen et al.
explored the possibility to use optical ring resonators (ORRs)
as all-pass filters [83], [84] and an elegant theoretical analy-
sis framework based on a digital filter concept was pro-
posed [90]. They successfully applied such approach to design
all-pass filter for dispersion compensation [84], [91]. Later,
L. Zhuang et al. demonstrated a prototype of integrated tunable
OTTDs consisting of multiple ORRs [22], [92]. The contin-
uous tuning of group delay based on ORRs is schematically
shown in Fig. 19 [22]. The group delay of an ORR can be

expressed as:

τg(t) = κτr

2 − κ − 2
√

1 − κ cos(ωτr + ϕr )

where κ is the optical power coupling coefficient between the
straight waveguide and the ring, ω the angular frequency of
optical signal. τr and ϕr are the round-trip delay and phase of
the ring, respectively. The group delay function is frequency
dependent with a symmetric bell-like curve. The coupling
coefficient (κ) of an ORR can be tuned to allow different group
delays as shown in Fig. 19. However, such kind of approach
suffers from the narrow operation bandwidth limited by the
inherent feature of filtering resonance. As the peak group
delay increases, its corresponding 3 dB operation bandwidth
decreases. Cascaded ORRs can overcome such limitation to
some extent but with the sacrifice of large chip area and
afterwards complicated trimming [92].

In summary, both types of tunable OTTDs can provide
squint-free beam steering within their operation bandwidth.
The first kind of integrated tunable OTTDs are suitable for
broadband applications with low angular resolution, while
the second one matches narrowband applications desiring
relatively higher angular resolutions. More specifically, the
first kind of tunable OTTDs is suitable for pico-cell wireless
communications and in-home communications, while the sec-
ond one is suitable for satellite communications. To arrange
basic tunable OTTDs for a linear PAA array, a tunable OTTD
network is of demand. For both kinds of tunable OTTDs, such
tunable OTTD network can be arranged in many different
forms but most of them are based on the cascaded delay
line architecture. A representative scheme is the taped delay
line [93], in which the generated delay from last delay unit
can be accumulated. The binary tree based network is also
widely used [22] to reduce the footprint of delay lines.

C. Integrated Tunable OTTD for Two-Dimensional
Beam Steering

For practical applications, two-dimensional (2-D) beam
steering is of demand. Therefore, the design and implementa-
tion of 2-D photonic phase control units is an important and
attractive research topic since it can avoid the unnecessary
E/O/E conversion between two steering directions. Usually the
2-D control does not lay a fence for photonic phase shifters.
Each phase shifter can be identical since the shifted phases are
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Fig. 20. The cascaded delay line architecture for 2-D tunable OTTDs,
DCU: delay unit, PD: photo-diode, Ant: element antenna.

Fig. 21. The 2-D tunable OTTDs based on interleaved operation of spectrally
cyclic arrayed waveguide grating loop.

always between 0° and 360°. However, 2-D tunable OTTDs
require exact accumulated delays for each element, which
results in two major challenges: 1) efficient delay network
design for accumulated delays to reduce occupied chip area;
2) simple and scalable delay control (selection) system. In the
following, we will discuss the 2-D design and implementation
of two kinds of tunable OTTDs.

The 2-D path selection based tunable OTTDs can be
implemented based on the architecture of cascaded delay
line [11], [12] as shown in Fig. 20. The delayed optical signal
at y-direction will be split for the cascaded delay process
at x-direction. In this way the delays created by one direction
can be accumulated for the other direction. This can effectively
reduce the required physical length. To control the delay for
two directions, two separated delay control units (DCUs) are of
demand. Such DCUs can be implemented by the combination
of wavelength independent path selection (on-chip switch) and
wavelength dependent path selection (wavelength tuning) [12].
For passive tunable OTTDs as AWG-loop, the delay control
steps can also be realized only by wavelength tuning but with a
wavelength conversion in between [63]. In 2014, we proposed
and realized a 2-D AWG-loop with a single tuning parameter
of wavelength as shown in Fig. 21.

The spectrally cyclic AWGs (SC-AWGs) are used to
form SC-AWG-loops. There are two types of SC-AWG-loops
(Loop 1 and 2 shown in Fig. 21) used to form a 2-D OTTD
radio beam steering system. The optical carrier is split into
two paths with Loop2 in between. For both paths, two iden-
tical Loop1 are used in between. The Out-1.1 and -1.2 are

connected to the first path, while the Out-2.1 and -2.2 are
connected to the second path. The FSR of Loop1 (FSR-1) is
designed equal to the channel passband of Loop2. Thus when
the wavelength sweeps inside one FSR-1, the delay difference
between Out-1.1 and -2.1 is the same as the one between
Out-1.2 and -2.2. This is because the wavelength is within
one channel of Loop2, no additional delay is generated before
and after Loop2. That means the radio beam is steered in
y direction. The x- and y-axes are indicated in Fig. 21. The
curves of delay versus wavelength for different outputs are also
shown in the same figure. For Loop1, due to the spectral cyclic
feature, the delays will be the same after a spectral separation
of FSR-1. This will result in the periodic delay values at
Out-1.2 as shown in Fig. 21. When the wavelength jumps
over one FSR-1 ahead, the delay difference between Out-1.1
and -1.2 is the same as the one between Out-2.1 and -2.2,
which results in the radio beam steering in x direction. It is
clear that when only the wavelength is swept, the radio beam
is independently steered in both x and y directions.

Similar as path selection based tunable OTTDs, the 2-D
optical filter based tunable OTTDs can also be realized via
the cascaded architecture. For an N-by-N PAA, usually the
N×(N-1) of tunable OTTDs for one direction, and N-1 tunable
OTTDs for the other direction are required. By exploring the
periodic feature (also the reason leading to narrow operation
bandwidth), the N-1 tunable OTTDs with N different operation
wavelengths can be used to replace N×(N-1) tunable OTTDs
with a single operation wavelength [73].

D. Integration Platform for Photonic
mm-Wave Beam Steering

A photonic on-chip mm-wave beam steering subsystem
usually includes a photonic phase control unit, along with
E/O and O/E conversions. From the implementation point of
view, there are series of challenges to deal with. As a general
issue for all optical communication systems as we discussed in
Section II, E/O and O/E conversions place a considerable link
loss. Moreover, the fiber coupling adds an important source of
loss.

Since photonic on-chip mm-wave beam steering subsystems
are usually supposed to co-integrate with silicon-based EIC
for high frequency applications, there are three more specific
challenges: 1) electrical bandwidth limitation of E/O and O/E
conversions, 2) compatibility with silicon-based integrated
circuits, and 3) low on-chip loss. For future low cost and
large volume production, scalability is also required. The
elegant design of PICs can partially overcome these chal-
lenges. However, the fundamental breakthrough is usually
from the integration platforms. Different from the mature
silicon-based electronic integration platform, standard generic
platforms for PICs are still under development, with most
PIC developments dedicated to specific functions. Therefore,
the development of photonic integration platform plays a
critical role in photonic mm-wave beam steering systems [94].
Driven by these demands, the concept of generic integration
technology [42], [95] is recently proposed for PICs. Nowadays
several generic platforms with different material systems are
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Fig. 22. The cross-section structure of the (a) III-V/Si hybrid platform [99], [100], (b) III-V membrane platform with lateral active junction and low-index-
contrast waveguides [101] and (c) III-V membrane platform with vertical active junction and high-index-contrast waveguides [102].

available and capable for beam steering application. Based on
the application backgrounds, either pure passive (with certain
tuning functionality) or active/passive scheme can be selected.
Each platform has its own specialty.

For instance the TriPleX platform [96] based on Si3N4
technology provides ultra-low waveguide loss and ultra-broad
operation wavelength range [97] but is limited to passive
functionalities and bulky sizes. The generic InP platforms [42],
[94], [95] provide full active/passive functionalities on a single
chip with high active device efficiency. The silicon photonics
platforms [98] provide standard passive integration with high-
confinement silicon waveguides.

However the active functionalities, for instance on-chip
electrically-pumped amplification, are provided in silicon pho-
tonics by bonding InP dies, which significantly increases cost
and complexity. In general, the rapid development of these
generic foundries in recent years through the multi-project
wafer (MPW) runs contributes to a significant cost reduction,
which has now became affordable even to small companies
and universities.

To further address other aforementioned demands, evolution
of the current generic integration technology is crucial. It is
mainly because all the current platforms can only meet part
of the demands. The hybrid photonic platforms where one
or more photonic layers are integrated with EICs appear to
be a promising solution. Several hybrid schemes exist and
can be categorized in two types: III-V/Si hybrid integra-
tion [99], [100] and III-V membrane integration [102], [104].
The schematic diagrams of the cross-section geometry for
those schemes are depicted in Fig. 22. They all share some
basic features, including photonic electronic co-integration,
potential of foundry process and basic building blocks (BBBs).

The latter two features are currently well addressed by
both III-V/Si and III-V membrane platforms, since both of
them have the potential to employ EICs as their substrate and
both of them can inherit the BBB design kits from mature III-V
and Si foundries. The miniaturization is most important for the
next-generation integration technology. It directly determines
integration density, power consumption and operation speed.

Both III-V/Si and III-V membrane platforms are based on
the concept of photonic membranes. The optical buffer layer
between substrate and membrane made with low index mate-
rial ensures the maximized optical confinement. As a result,

Fig. 23. (a) Picture of a compact DBR laser realized in III-V membrane
platform [103]. (b) Picture of low-threshold III-V membrane laser with lateral
junction [104].

the passive waveguides in both platforms can have a cross-
section area of only 0.1 to 0.2 μm2 [102], [105], and a bending
radius of only few μm. This greatly reduces the footprint of
the passive photonic components by at least a factor of ten.
However, the miniaturization of the active devices requires
novel design. Currently the active components in III-V/Si
platforms still use traditional III-V layerstack design with
bulky structure as depicted in Fig. 22 (a) (e.g., 6 to 9 μm2

cross-section area for their amplifier structures [99], [100],
[106], [107]). This limits the achievable integration density
due to the restrictions on the footprint as well as the minimum
spacing between active structures. The III-V membrane on the
other hand can achieve much more compact active structures
therefore allowing for higher integration density. The lasers
and PDs based on twin-guide active structure have been
proposed and demonstrated in recent works [103], [108].
An example of a compact DBR laser is shown in Fig. 23(a).
In this approach the cross-section area of the active structure
is only 0.5 μm2 [103] (as shown in Fig. 22(c)) which is more
than 10 times smaller than that of the III-V/Si platforms. The
ultra-small cross-section in the active structure also brings the
advantage of ultra-compact taper structure for the transition
of optical power between active and passive sections. The
small cross-section ensures small optical mode in the active
region and better matching with the mode in highly-confined
passive waveguide. Therefore the taper structure in the
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twin-guide III-V membrane only requires 12 μm [103] without
any extra fabrications. This value is also more than 10 times
smaller than that of the taper structures for III-V/Si hybrid
platforms [106], [107].

Miniaturization also leads to less power consumption and
faster speed. For lasers, it means less injection carriers
needed to pump a much smaller active volume, therefore
less threshold current. Lasers with very low threshold current
have been demonstrated in both III-V/Si and III-V membrane
platforms. Threshold current below 10 mA in linear laser
cavities [99], [100] and 0.5 mA in a micro-disk cavity [109]
have been recently demonstrated in III-V/Si platform. On the
other hand, since the III-V membrane platform allows for
novel layerstack design, the laser threshold can be further
reduced. In a lateral junction design in the III-V membrane
(see Fig. 23(b)), the laser can reach threshold current as low
as 0.23 mA [104]. For the modulation, miniaturization leads
to significant relaxing the RC limit in most devices, and also
reducing the required energy at high-speed operation. Direct
modulation on the low threshold lasers have shown high speed
operation up to 28 Gbit/s for III-V/Si hybrid lasers [110]
and 40 Gbit/s for III-V membrane lasers [111]. Low energy
consumption can be achieved in directly modulated III-V
membrane lasers: 172 fJ/bit at 25.8 Gbit/s [112] and 848 fJ/bit
at 40 Gbit/s [111]. Recent works on electro-absorption mod-
ulators in III-V/Si platform [44] demonstrates 20 Gbit/s oper-
ation for a single device as well as promising scalability for
an array of modulators for WDM technology. Moreover, both
platforms have a promising potential to integrate with high-
speed electro-optic polymers to boost the operation bandwidth
beyond 100 GHz [113].

Another important factor on the power consumption is the
waveguide loss. Low loss waveguides relax the power penalty
required to compensate the entire end-to-end optical loss.
Moreover, improved waveguide fabrication can also contribute
to more precise phase control in critical devices like OTTDs.
The III-V/Si hybrid platforms take the advantage of the deep
ultra-violet (DUV) lithography technology available in silicon
EIC foundries. The DUV lithography can offer very high
process reproducibility. This results in the low variation of
propagation loss in silicon membrane waveguides (usually
2.5-3 dB/cm [98]). With more advanced process technologies
(e.g., electron-beam lithography (EBL) with HSQ resist [114]
and optimized hard mask and etch process [115]), the optical
loss of those waveguides can be even below 1 dB/cm.

Similar technology path applies to the III-V membrane
platforms. With advanced fullerene-assisted EBL
technologies [116]–[118] and novel dry etch process [119]
the optical loss can be reduced down to as low as 2.5 dB/cm.
In the near future the InP generic foundry will also introduce
advanced DUV lithography process [95]. This can potentially
bring more reproducible low loss InP waveguides on
membrane.

Packaging currently takes more than half of the total cost
of PICs. One of the major factors is that the end-facet optical
packaging (with optical fiber or micro-lenses) is located at
the same plane as the electrical packaging. This limits the
design freedom of the photonic chip and increases the pack-

aging difficulty. Another major factor is the complexity for
precise electrical contacting between photonic chip and elec-
tronic circuits. For next-generation platforms (both III-V/Si
and III-V membrane), they have the huge potential to achieve
much lower packaging cost. Since the PIC can be fabricated
directly on top of EICs, and the vertical coupling is used,
the optical and electrical packaging will be separated in
space with much more design freedom. Also the connection
between PICs and EICs can be realized more simply, as
only a few of extra process steps is added to the original
process of the photonic layer. The accuracy and reliability
of the electrical connections can benefit from more precise
cleanroom lithography technologies.

Furthermore, the InP membrane technology can relieve the
bonding process. Bonding technology significantly influences
the chip fabrication cost since it is one of the most critical
process for membrane technology. The traditional bonding
of InP to CMOS is based on die-to-wafer bonding. For
instance the III-V/Si hybrid technology employs III-V die to
CMOS chip bonding, where the quality and yield strongly
depend on the surface of the small III-V dies which have
been processed and cleaved. Bonding of multiple dies with
different layerstacks may even decrease the yield. The InP
membrane technology on the other hand, bonds a full III-V
wafer to CMOS. It is a much more tolerant process, because
handling of full wafers suits most fab processes with optimized
reproducibility. Moreover, utilizing polymer as the bonding
layer can bring extra advantages such as flexible bonding
thickness and much more tolerance to surface topographies.
In a word, the wafer-scale InP membrane technology is well
suited for future large-scale fab processes.

The scalability of the photonic integration platforms
depends on the material systems. The hybrid platform has
the advantage of mature 300 mm silicon wafers and the
corresponding mature process. On the other hand, the InP
wafers are still limited to 3 inches with potential to 4 inches,
but this does not limit the fast development of III-V/Si and
III-V membrane platforms.

Last but not least, advances towards the next-generation
photonic integration platforms require highly efficient material
systems with miniaturized component footprint. The III/V-Si
hybrid platform can rely on the mature silicon technology
while focusing on the miniaturization of its III-V active com-
ponents and reduce the cost of non-standard III-V processes.
The III-V membrane platform inherits the reliability of
generic III-V processes and the efficient upgrading of BBB
eco-system from traditional InP technology to advanced mem-
brane InP technology, in the meanwhile paves the way of
novel on-chip system designs, especially with the novel active
designs [103], [120], [121]. Nevertheless, both approaches
have the flexibility on versatile III-V active materials with
wide choices of wavelength bands, without altering the design
and process too much, just like the traditional generic III-V
technology has accomplished [122], [123].

V. INTEGRATED ANTENNA ON CHIP (AoC)

Next to the integration for phase control units and the
corresponding on-chip subsystems, another key challenge in
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TABLE II

OVERVIEW OF STATE-OF-THE-ART SILICON-BASED AoC

Fig. 24. Test chip to validate the AoC concept on 65 nm CMOS [14]. Chip
size is 1.5×1.4 mm2, L1 = 1124 μm, L2 = 283 μm.

mm-wave phased arrays is to develop low-cost active antenna
elements with high antenna efficiency. This can be achieved by
minimizing the interconnect loss between EICs and antennas.
We can distinguish two antenna integration strategies:
1) Antenna-on-Chip (AoC) solutions, i.e., (Bi-)CMOS inte-
grated antennas, and 2) Antenna-in-Package (AiP) solutions,
i.e., antennas that are integrated in the package technology of
EICs. AiP solutions often use ceramic or PCB-like technolo-
gies, resulting in relatively high antenna efficiencies [124]. The
main drawback of the AiP concept is the high interconnect loss
between EICs and antennas. In addition, the overall cost is
increased, since it requires a relatively expensive packaging
technology. The integration of antennas on a silicon-based
integration platform is a strong candidate, since the size of
the antenna is compatible with the size of commonly used
EICs. For example, at 60 GHz, the length of an on-chip
dipole antenna is only 1.1 mm [14]. Although the substrate
loss in mainstream silicon technologies is relatively high, an
AoC offers various advantages as compared to conventional
implementations:

- absence of interconnect loss between EICs and antennas;
- complex impedance matching is possible;
- standard wire-bonding packaging can be used;
- low-cost due to monolithic integration.

Previous studies at 60 GHz indicate that the loss of
mm-wave AoCs can be significant [125]–[128]. The work
recently reported [129], [130] using BiCMOS technology with
a relatively high-ohmic silicon substrate of 200 �cm [131]
has shown that special antenna concepts can lead to quite
acceptable efficiencies over 7 GHz bandwidth at 60 GHz.

Fig. 25. Electronic integrated circuits, photonic integrated circuits and
antennas on a single chip. FC: fiber coupler, MOD: electro-optical modulator,
PCU: photonic control unit, PD: photodiode.

Table II provides an overview of the state-of-the-art AoCs.
Fig. 24 shows a photo of a test-chip that was used for AoC
validation on mainstream 65 nm CMOS. For future practical
implementations, antenna efficiencies well above 50%
are required. From Table II it is clear that this is the main
challenge for AoCs. One of the options to improve the
antenna efficiency is by co-designing the AoC together with
its corresponding package [132]. In addition, low-resistivity
silicon substrates and additional post-processing techniques
could be added to standard IC processing. An example of this
is the work reported in [133], where micromachining is used to
remove the lossy silicon substrate around the antenna. Another
consideration is about the antenna aperture of AoC. The AoC
can be used as the key future building block for mm-wave
phased arrays. With multiple low-cost AoC elements in such
phased arrays, large apertures and resulted antenna gains can
be obtained.

VI. EVOLUTION TREND

Even though it is difficult to predict the exact technology
development path, the discussion regarding potential evolution
trends are still necessary and interesting. Here, two promising
evolution trends are discussed. On device level, the full inte-
gration of (Bi)CMOS, PIC and AoC on a single chip may be
a potential evolution trend not only because of its low energy
consumption, compactness and relatively simple processing,
but also the drive from other markets like data centers and
wireless front-/back-hauls. On system level, the integration
of mm-wave beam steering together with optical wave beam
steering can be considered as a long-term evolution trend.

A. Integration of (Bi)CMOS, PIC and AoC

The monolithic integration of (Bi)CMOS, PIC and AoC
brings significant benefits for package cost, compactness,
operation bandwidth, energy consumption, and stability.
A schematic picture of such monolithic integration is shown
in Fig. 25. After the separate fabrication of a (Bi)CMOS wafer
and a PIC wafer, the PIC wafer can be placed on top of the
(Bi)CMOS wafer for further processing. The antenna can be
fabricated on top of the PIC wafer, which may be beneficial
if the materials of PIC wafer fulfill the design requirements of
AoC. The antenna placed on the PIC wafer as shown in Fig. 25
can fulfill the requirements for a fully integrated single chip
photonic mm-wave beam steering circuit with antennas. The
PIC wafer can be processed on a photonic membrane based
platform to allow advanced features.
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Fig. 26. Integration of mm-wave beam steering and optical wave beam
steering.

B. Integration of mm-Wave and Optical Wave Beam Steering

Optical wireless communications are commonly proposed
in the visible [134], [135] and infrared [136], [137] spectrum.
Within the electromagnetic spectrum, the radio spectrum cov-
ers the range from 3 kHz to 300 GHz while the visible and
infrared optical region covers the spectrum from 200 THz up
to 790 THz. This very high frequency optical spectrum region
literally brings an infinite amount of bandwidth. As shown
in Fig. 26, another benefit of optical wave is its capability
to provide a much narrower beam, which can be efficiently
steered via diffraction gratings [138], liquid crystal spatial light
modulators [139], and on-chip beam-steer schemes [140].

The integration of these two technologies can further
optimize wireless systems in terms of power, bandwidth
and therefore, the channel performance. Due to the larger
divergence of radio beams, the power spread is larger and
hence, less confined to a particular area or spot. This gives
the flexibility to extend the coverage area as well as the easy
reception of signal at the receiver. Conversely, the optical
beams enable a fully private narrow beam to a particular
mobile device. This enables a secure and high capacity link to
each mobile device. Also, as the bandwidth carried by radio
waves is typically lower and shared by a few devices, the
radio technology can be used as an uplink or an alternative
downlink when an optical connection is blocked. To end
with, optical wireless technology is still at a relatively early
stage but it is definitely a promising complementary solution
for a hybrid wireless communication systems.

VII. CONCLUDING REMARKS

In this paper, advanced integration techniques for mm-wave
beam steering are reviewed and explored. With their broad
squint-free operational bandwidth, true time delays (TTDs) is
the preferable option for mm-wave beam steering to satisfy
5G wireless networks and beyond. The core design task of
silicon-based electronic integrated circuits (EIC) is to realize
compact low delay error integrated TTDs. This can be enabled
by gm-C all pass filters, delay error cancellation schemes and
broadband matching networks. One fundamental limitation of
silicon-based EICs is the frequency-dependent insertion loss of
delay units and phase control units at mm-wave frequencies.
As the frequency increases, the corresponding loss increases as
well. The photonic delay units usually keep a lower insertion
loss, which is almost independent with respect to the frequency

of modulated mm-wave signals. The most popular tunable
optical true time delay (OTTD) designs are usually based
on either path selection or optical filtering. Optical all-pass
filters realized by ring resonators can provide continuously
tunable delay but with narrow operational bandwidth. As a
representative example of path selection based solutions, the
arrayed waveguide grating feedback loop (AWG-loop) exhibits
its merit as reduced footprint, tolerance towards fabrication,
and remote tuning. For large phased arrays, the scheme of
cascaded delay line can provide sufficient delays by accu-
mulating the delays from previous stages. Such scheme can
also be used for 2D tunable OTTDs. A specified example
is the AWG-loop with an interleaved operation, in which a
single sweeping parameter of wavelength can achieve 2-D
beam steering. To combine the low cost EICs with mature
fabrication, and PICs with broad bandwidth and low loss, a
hierarchical mm-wave beam steering integrated circuit with
large array delays realized in PIC and sub-array delays realized
in EIC can be a future-proof solution. The key issue is to find
the (Bi)CMOS compatible PIC platforms. Different from the
mature silicon-based electronic integration platform, the cur-
rent photonic integration platform is still under development.
We review and explore the possible PIC platforms from the
relatively mature ones to the on-going ones. For a monolithic
integration of both EIC and PIC, the (Bi)CMOS compatible
photonic membrane technology can fulfill most requirements
of photonic mm-wave beam steering applications. Moreover,
the advanced techniques to overcome low radiation efficiency
of antenna-on-chip (AoC) are reviewed, which is expected to
further reduce the interconnection loss of mm-wave signals.
Based on our investigation of EIC, PIC and AoC, we believe
that the full integration of (Bi)CMOS, PIC and AoC on a
single chip may be a potential evolution trend not only because
of its low energy consumption, compactness and relatively
simple process but also the drive from other markets like data
centers and wireless front-/back-haul. Moreover, on system
level, the integration of mm-wave beam steering together with
optical wave beam steering can be considered as a long-term
evolution trend.
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