IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 50, NO. 2, FEBRUARY 2015

597

A High-Power and Scalable 2-D Phased Array for
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Abstract—This work introduces a 2-D phased array architecture
that is suitable for high power radiation at mm-Wave and Tera-
hertz frequencies. We address the challenge of signal generation
above the cut-off frequency of transistors by presenting a radia-
tion method based on the collective performance of a large number
of synchronized sources. As theory shows, both frequency locking/
tuning and beam steering can be independently achieved by ma-
nipulating the local coupling between the nearest neighbors. This
control method results in a dynamical network that is insensitive
to array dimensions and is scalable to the point that can achieve
a level of output power and spectral purity beyond the reach of
conventional sources. To demonstrate the concept, we implement
a 4 4 version of this phased array at 340 GHz using a 65 nm bulk
CMOS process. The paper presents the design and implementa-
tion of the oscillators, couplings and the integrated antennas. The
measured results at 338 GHz reveal a peak equivalent isotropi-
cally radiated power (EIRP) of +17.1 dBm and a phase noise of
-93 dBc/Hz at the 1 MHz offset frequency. This chip presents the
first fully integrated terahertz phased array on silicon. Further-
more, the output power is higher than any lens-less silicon-based
source above 200 GHz and the phase noise is lower than all silicon
radiating sources above 100 GHz.

Index Terms—CMOS, coupled oscillators, distributed systems,
phased array, radiator, scaling, terahertz.

I. INTRODUCTION

NTEGRATED systems that operate in the sub-mm-wave

frequencies will provide access to a region of the electro-
magnetic spectrum with unique physical properties including a
plethora of molecular resonance bands, high absorption contrast
toward moisture gradients, and high resolution imaging through
most insulators that are otherwise optically opaque. Terahertz
electronics has the potential to introduce a new wave of appli-
cations ranging from medical imaging of tissue surface, non-in-
vasive industrial testing, material spectroscopy, to wide band
secure communication.

In the last decade we have witnessed a large body of work on
CMOS systems operating in the V-band and W-band, demon-
strating applications in wide band communication [1]-[10],
imaging, and sensing [11]-[16]. Today, this proliferation of
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mm-wave systems combined with the rich possibilities in
sub-mm-wave frequencies has sparked interest in developing
mm-wave systems that operate at frequencies closer to the tera-
hertz spectrum [17]-[21]. Although compound semiconductors
have clear advantages in terahertz electronics [22]-[25], the
lower cost of CMOS transistors is reason enough to examine the
potential of silicon based systems in sub-mm-wave frequencies.

Starting with terahertz detectors [26]-[29], recent work has
also demonstrated the possibility of both probe-based and ra-
diating sources close or above the cut-off frequency of CMOS
devices that operate near and above the terahertz band. These
works have attempted to tackle different aspects of this new
field from exploiting devices close to their fundamental limits
[30]-[32], employing novel radiation techniques [33]-[36], and
developing new methods of signal generation and frequency
tuning around 300 GHz [37]-[40].

Despite the interest in terahertz electronics, by approaching
this frequency range particular hurdles start to appear that orig-
inate from fundamental limits in device scaling, as well as limi-
tations in passive interconnections. Although nanoscale CMOS
technology has brought us to the vicinity of this frequency band,
we are at the final stages of the scaling roadmap and one can only
expect modest improvements in the f,,, of RF transistors as a
result of further scaling [41]. On the other hand, device scaling
has led to low operating voltages that by itself limits ultra-high
frequency power generation both at the fundamental frequency
and its harmonics. As a result, it would be hard to expect mean-
ingful improvement in the operating frequency and performance
of terahertz integrated systems originating from future scaling
of CMOS technology. To further expand the territory of silicon
transistors into the terahertz band, signal generation and pro-
cessing needs to rely on more than the performance of individual
devices. Structural scalability is a crucial aspect for integrated
systems operating close to the physical limits of the device.

The foremost issue that any system operating at terahertz fre-
quency needs to address is a flexible, integrated source that pro-
vides a decent level of radiated power. In general, the radiated
power requirements vary with the application and depend on the
distance of the source from the target, absorption and reflection
properties of the material, and the sensitivity of the receiving
detector. For instance, an active imager at 300 GHz with detec-
tion rate of 1 Kfps and a stand-off distance of 1 meter requires an
isotropic radiated power of at least 100 mW, should it rely on the
typical NEP levels achievable with CMOS detectors [26]-[28].
Such a power level is significantly higher than what the state-of-
the-art has demonstrated using conventional circuits in CMOS
for generating power above fiax. Moreover, beside the gener-
ated power level, both the phase noise and the frequency tuning
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of the oscillators suffer as its operating frequency approaches
fmax. This is while for communication and spectroscopy appli-
cations as well as imaging arrays, phase and frequency tuning
are essential both for modulation and beam steering.

To address this challenge, this work proposes a collective
approach toward generation, radiation and control of terahertz
signals. In this approach, while recognizing the effect of indi-
vidual devices and circuits, we shift our attention to the col-
lective performance of a large number of devices with scalable
dynamics. For our purposes, a scalable structure has a func-
tional characteristic that grows proportional to its dimensions
without compromising its performance. In other words, a scal-
able structure needs to avoid building blocks that face perfor-
mance degradation or introduce undesired complexity as the
dimensions increase.

Based on this idea, in this work we present a scalable phased
array which enables signal generation and radiation using mul-
tiple devices that operate synchronously and deliver a desired
level of radiated power and phase noise at an operating fre-
quency higher than fi,,. We demonstrate that the performance
achieved by this structure exceeds the limitations of conven-
tional sources or phased arrays due to an effective deployment
of devices inside the system.

Starting with the next section, we provide the theoretical
framework of this idea that is based on the concept of delay-cou-
pled oscillators and then present a generalized form for Adler's
model of electrical coupling between oscillators. Section III,
presents the scalable two-dimensional phased array, the theory
of core synchronization, and the meaning of scalability. This
is followed by presenting the method for tuning the synchro-
nized frequency of the array and steering the radiated beam.
In Section IV we discuss circuit level implementation of this
concept including integrated terahertz radiators, oscillators and
interconnections. Finally, the last section, concludes the paper
with chip prototype and measurement results, demonstrating
the highest measured radiated power and the lowest phase noise
of any integrated source above 200 GHz.

II. LocALLY COUPLED OSCILLATORS

This section begins with a different look into the dynamics of
coupled electrical oscillators which proves to be a crucial piece
in developing the idea of scalable phased arrays. First, we con-
sider an electrical oscillator in steady state oscillation with a
particular steady state orbit in the phase space. In the absence
of any external influence the oscillator phase remains as a de-
gree of freedom, randomly set at the onset of oscillation under
the influence of thermal noise. However, as soon as an external
signal is injected into the oscillator this uncertainly diminishes
and a certain relation appears between the two phases of the os-
cillator and the injected signal. The equations that govern this
type of coupling are known as Adler's equations who was the
first to determine the relationship between the locking frequency
of an oscillator and the resulting phase difference between the
resonating core and the injected signal [42].

Fundamentally, what Adler's equation suggests is that in a
system of coupled oscillators there is a mutual relationship be-
tween the locking frequency of two coupled oscillators and their
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Fig. 1. Left: delay-coupled oscillators for frequency generation and radiation.
Right: different possible phase shifts (2/) between adjacent oscillators, and their
stable region of operation as a function of the coupling phase shift, 6.

relative phases. Injection locking applications are mainly con-
cerned with setting the frequency of an oscillator to the predeter-
mined frequency of the injecting signal. In such a configuration
the phase between the two oscillators is set by the difference be-
tween the free-running frequency of the core oscillator and the
locking frequency [38].

The idea of delay-coupled oscillator is based on the following
observation: since there is a mutual relationship between the
coupling phase and the locking frequency, it is possible to con-
trol the locking frequency of a system of coupled oscillators
by fixing the coupling phase shift between adjacent cores. In
other words it is possible to choose locking frequency as the
degree of freedom that is subject to the phase shift of the in-
jected signal. As demonstrated in Fig. 1, in a ring of N direc-
tionally coupled oscillators by manipulating the coupling phase
shifts it is possible to both set the coupling mode of the system
and tune the locking frequency. Even in the case the system ini-
tially settles to an undesired mode, by manipulating the coupling
phase shifts it is possible to move the oscillators into the desired
coupling mode.

There are two important advantages in using this oscillation
system: 1) the phase shifters are buffered from the core oscil-
lator and do not affect the quality factor of the resonator. As
a result, this structure can be used to generate terahertz power
from core transistors and at the same time tune the frequency
without compromising the generated power. 2) The connection
between oscillators are local. Based on this idea we presented
the first tunable sub-mm-wave source on CMOS with mW-level
output power [38].

The connections in this structure are local in the sense that
they are all between adjacent oscillators and there is no long dis-
tance interconnect carrying a high frequency signal. The local
couplings in this structure are a crucial trait for its further scaling
into higher number of cores. However, in the delay-coupled os-
cillator such a scaling is only possible in a one-dimensional ring.
In order to use the two dimensions available on the surface of
the chip, we seek to build a source that is scalable in two di-
mensions, while keeping the advantages of this coupled struc-
ture. To develop such a configuration we need to investigate the
coupling dynamics of an oscillator in the presence of multiple
injecting sources.
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Fig. 2. Phase dynamics of a system of multiple coupled oscillators.

A. A Generalized Form for Adler's Equations

In a more general scheme shown in Fig. 2, an oscillator can
on one side couple energy to more than one oscillator and on the
other side receive energy from multiple oscillators. To find the
dynamics of this generalized scheme we make two assumptions
that are also shared by Adler's equations: 1) the coupled energy
only affects the phase dynamics and has no significant effect on
the amplitude, and 2) the injected energy to an oscillator acts as
a vector in the phase space that linearly adds to the phasor of the
core oscillator.

Letus consider a core oscillator with a free running frequency
of w,, which is equal to the time derivative of the oscillator
phasor, or ¢ = w,. In the presence of external injecting sources
this equation is perturbed by any extra term that affects the phase
derivative. As shown in Fig. 2, only the components of the in-
jecting energy phasor along ¢» contribute to the phase dynamics
of the core oscillator. As a result, the new phase equation for the
core oscillator becomes:

$=w,+ Z k;sin(8; — ).

1

)

This general equation applies to all oscillators in a coupled
network regardless of their center frequencies, and locking
condition. In the next section we use this general form of
Adler's equation to analyze the dynamics of the two-dimen-
sional phased array.

B. A Phased Array Suitable for Terahertz

Because of the coherent combining in a phased array, a ter-
ahertz phased array has the potential to overcome the limited
available power of any optimally designed single source. In
fact, a spatially coherent source is more energy efficient than an
equally high power single source. An /V element array each with
a radiating power of P,, has an effective isotropically radiated
power of N2P,, which is N times higher than what is achiev-
able by increasing the power of a single source by a factor of
N . This is due to the higher directivity of the phased array con-
figuration. Furthermore, since the number of distributed array
elements fitting in a given area increases proportional to 1/,
with the frequency entering the sub-mm-wave region, the higher
number of these available coherent sources can substantially
compensate for the reduced power of a single source. However,
to fully exploit these advantages for terahertz signal generation,
we require a scalable physical implementation of the phased
array concept.

An ideal phased array consists of a network of radiating el-
ements that are separated by a fixed distance equal to half of
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Fig. 3. A conventional phased array structure with global interconnections.

the radiation wavelength. All of these elements should radiate
simultaneously with equal frequency and a fixed phase shift be-
tween adjacent nodes. The conventional implementation of this
concept as shown in Fig. 3 is based on a single oscillator that
sets the phase of each radiator in the array through a global dis-
tribution network typically connected to a set of tunable phase
shifters [4]-[9]. This topology is a suitable choice for systems
operating at radio and mm-wave frequencies, well below the
cut-off frequency of transistors. However, this all-to-one in-
terconnection network poses inherent limitations with respect
to scaling, particularly as the operating frequency of the array
approaches the terahertz frequency range. The first limitation
is due to the long interconnects between the main oscillator
and each radiating node. As the dimensions scale, these lines
introduce considerable loss as well as mismatch between the
different signal paths [43]. Second, for large arrays symmetric
routing along different signal paths is challenging. The com-
plexity of the distribution network introduces undesired effects
such as coupling between different array nodes as well as error
propagation along independent signal routes which becomes in-
creasingly challenging to predict and compensate for. In other
words at higher frequencies and in the presence of significant
interconnection loss and asymmetry between array nodes, the
traditional phased array structure is not scalable which limits its
application to a small number of nodes.

III. THE SCALABLE TERAHERTZ SOURCE

To realize a high power terahertz phased array, we introduce
a novel architecture that 1) avoids long interconnects and only
uses connections that can be readily scaled with dimensions, and
2) is symmetric with respect to all different nodes in the array
regardless of their location. Fig. 4 presents the concept of a scal-
able phased array with these requirements in mind. This array
is composed of a network of independently radiating elements
that are each locally connected to a terahertz oscillator.

Each oscillator is connected to four other oscillators in the
neighboring rows and columns. Similar to the delay-coupled
oscillator, the connections between neighboring oscillators are
unidirectional. Each oscillator injects energy to two of its im-
mediate neighbors at the same row and column. Meanwhile,
this oscillator also receives energy from its other two neigh-
boring oscillators. This network of coupled oscillators is intrin-
sically scalable since each node only relies on nearest neighbor
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Fig.4. The proposed phased array structure based on locally coupled radiators.

Fig. 5. Construction of the phased array network: (1) 2 x 2, (2) 4 X 4, and
(3)6 x 6.

links. Also as we show, the structure can be designed in a way
that maintains physically similar coupling dynamics between all
oscillators regardless of their location in the network. Unlike
global distributions, any mismatch between oscillators and cou-
plers are evenly distributed across the grid. As a result, this dis-
tributed coupling is also advantageous in the sense that it does
not lead to error propagation throughout different routes.

For this network to act as a phased array all oscillators should
first synchronize to a single operating frequency. Furthermore,
a mechanism should properly adjust the 2-dimensional phase
profile of the lattice in order to steer the beam toward the desired
spatial angle. Next, we discuss the process of synchronization
and beam steering in this phased array.

A. Core Synchronization

To construct a coupled oscillator array with predictable cou-
pling modes, we begin with a single ring of delay-coupled os-
cillators. As shown in Fig. 5, we use the ring of four cores as the
primary building block. This four-core loop is a suitable choice
because it allows a square lattice construct which is a favorable
topology for on-chip implementation. Using this building block,
we introduce a technique to build a lattice that is scalable and
at the same time provides stable coupling modes. To expand the
lattice we connect the loops from their vertices. This method
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Fig. 6. Phase and frequency synchronization of the 4 x 4 array when each of
the 16 oscillators start from a random initial phase.

Fig. 7. The 4 X 4 array with auxiliary couplers introduced at the boundaries.

permits the construction of patterns with an even number of
rows and columns.

A vital feature of the scaling method is that it maintains the
basic four-core loops and does not introduce extra loops into the
coupled system. For instance in Fig. 5, the four by four array
consists of four loops at the four sides. The loops are coupled
and synchronized together through a fifth loop at the center. This
central loop shares one node with each of the other four. This
construction method ensures that the coupling modes behave
similar to what is predicted for the delay-coupled loop [44]. Ini-
tially and in the absence of coupling, all cores start oscillating
at their free running frequency and a random phase. However,
as soon as we turn on the couplers and regardless this of ini-
tial phase condition, all cores synchronize to the coupling mode
that corresponds to equal frequency and equal phase. Numer-
ical simulations confirm that by using this structure, in-phase
coupling is possible starting from any initial condition on the
oscillators prior to coupling. Fig. 6 demonstrates numerical sim-
ulation of frequency and phase synchronization for a network of
16 core oscillators starting with a random initial phase.

B. Symmetric Dynamics

In the configuration shown in Fig. 5.2, the oscillators that are
connected in all four sides, receive energy from two neighboring
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Fig. 8. Simulated waveforms of a core oscillator and its four neighboring elements. Top: equal phase shift applied to all phase shifters. Bottom: A differential

phase shift of A8 applied to modify the phase of the selected core.

cores at their previous or next row and column. After oscillators
are synchronized, the phase dynamics of these oscillators can be
described by applying (1) for the 2-dimensional array:

dep; i.j - 8,7
WJ =Wo + kiil,j sin (%il,j + aﬂiil,j - ‘Pi,j)
+I"Zj:l:1 sin (‘F"i,jil + 0::?:&:1 - %‘-j) (2)

where ¢; ; is the phase of the oscillator in the ith row and jth
column. Furthermore, &% and 6% correspond to the coupling co-
efficient and phase shift of the coupler that connects node A to
node B in the array. This equation is however slightly different
for nodes at the edges of the array, where there is only one in-
jecting signal into the oscillator. In such a case, the dynamical
equation is a modified version of (2) which includes only one of
the injecting terms. Moreover, these oscillators only inject en-
ergy to one neighbor that results in a different output loading
compared to the central nodes. Thus, the array structure with
the present configuration still contains a systematic dynamical
mismatch between the elements in the boundaries compared to
those at the center.

In order to eliminate this mismatch, we complement these
singular nodes with auxiliary couplers at the boundaries of the
array. As shown in Fig. 7, these couplers connect in parallel to
the main couplers and introduce an equal amount of phase shift
and loading. One can easily find that after this modification, the
dynamics of all oscillators follow (2), eliminating any location
dependency in the coupling dynamics. Now, as a result of this
symmetry, in the default case where all the couplers throughout
the network are similarly biased, all elements of the array radiate
with the same frequency and phase, creating a radiated beam
that is perpendicular to the array plane.

C. Beam Forming and Frequency Tuning

The topology in Fig. 7 forms a 2-dimensional grid of radia-
tors where each node can be described by its unique phase. The
collection of the individual phases results in a 2-D phase profile

consisting of ¢; ;'s. In the case of equal coupling all ¢; ;'s are
equal. Nevertheless, it is desirable to generate different phase
profiles as it allows manipulating the beam pattern in various
ways.

In order to change the phase profile in a particular fashion,
we first need a method to independently change the phase of any
given oscillator. The dynamics of an oscillator from (2) suggests
that changing the phase of an oscillator by a specific amount
requires an equal change in the phase of the injected energy into
that oscillator from the couplers. In other words one should have
a means to change the phase shift, 8, due to the coupling from
other neighbors. This can be done by employing tunable phase
shifters in the couplers.

At the same time, such a change in 8's and the oscillator phase
should not affect the phases of the rest of the nodes in the lat-
tice. Otherwise, this perturbation will propagate and modify the
entire phase grid. Since this oscillator also injects energy to two
other neighbors, any change in its phase should be compensated
by an equally reverse change in the outgoing phase shifters. This
means that to increase/decrease the phase shift of an oscillator,
one has to increase/decrease the phase shift of incoming cou-
plers and at the same time equally decrease/increase the phase
shift of the outgoing coupler. For instance, to change the phase
of the (i,j) element of the grid by Ad, the injecting phase shifter
0:11 and Hzg 11 should change by A¢ and the outgoing phase
shifters 95“ and Hf”;ﬂ should change by —A8. Such a differ-
ential change in the two pairs of couplers will change the phase
shift of a single oscillator without modifying the rest of the net-
work. Fig. 8 presents the time-domain behavior of the array with
the proposed phase tuning method.

This operation is linear with respect to the oscillator phases
and can be independently applied to any node in the network.
By superimposing multiple phase operations any desired phase
profile can be achieved. It is important to realize that since this
differential change in one oscillator does not affect the rest of the
lattice, it also follows that it does not alter the locking frequency
of the network.
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Fig. 9. Beam forming as a result of a 2-D gradient in the phase profile of the
oscillators.

In a phased array application we intend to produce the set
of ¢; ;'s that maintain the focused beam while steering it along
the orthogonal spatial angles. In order to steer the beam into
the direction of a particular wave vector X, as shown in Fig. 9,
the collection of the phases of the oscillators should create a
gradient along this spatial direction.

We can consider steering along the elevation angle for two
orthogonal cases: azimuth angles of 0 degrees, and 90 degrees.
In Fig. 9, a differential change in the phase of couplers along
the X axis results in steering the beam along the first azimuth
angle. Similarly, a differential phase change for coupler along
the Y axis results in beam steering along the perpendicular az-
imuth angle. To steer along any other azimuth angle one has to
perform a linear superposition of these two orthogonal direc-
tions. Any angle can be realized by changing the differential
phase shift along the columns and rows. In other words, there is
a unique correspondence between all pairs of differential phase
shifts across the rows and columns on one side and the 2-dimen-
sional angles on the other side.

The next step is to control the locking frequency of the cou-
pled network. As (2) suggests, by changing all the phase shifters
together, the frequency of all oscillators change together while
maintaining the phase relation between adjacent cores. This
process is similar to the method applied for frequency tuning in
the delay-coupled oscillators, where the tuning range depends
on the coupling coefficient and the tuning range of the phase
shifters.

In summary, changing the phase shifters in a differential
manner, results in tuning the beam angle, while changing the
common value of the phase shifters tunes the locking frequency.
As a result, this phased array structure provides a scalable
mechanism to independently control both the beam angle and
the locking frequency. Moreover, this control mechanism is
evenly applied across the entire grid in a distributed fashion.
Such a proposed frequency tuning method also provides a
means to modulate the carrier signal should it be used in a
transceiver architecture.

IV. IMPLEMENTATION

We implement a fully integrated 4 by 4 terahertz phased array
based on the concept proposed in Section III. The terahertz ra-
diator consists of the core oscillators, the coupling network, the
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Fig. 10. The core oscillator with the distributed network, the injecting inputs
and the outgoing buffers.

phase shifters, and the antennas. Due to the inherent symmetry
in the array, each node in the network consists of the same core
oscillator and antenna. All neighboring nodes are separated by
equal distance and are connected by similar couplers and phase
shifters. The next sections describe the details of circuit design
and implementation for each of these subsystems.

A. Terahertz Harmonic Oscillator

The core oscillator consists of a pair of NMOS devices that
are connected through a distributed resonator shown in Fig. 10.
The combination of these two devices and the resonator are ad-
justed to deliver the maximum generated power at the fourth
harmonic frequency to the output load. The size of the core and
coupling devices are as shown in Fig. 10. The distributed res-
onator is a five-port network consisting of a transmission line
that connects the gate of one transistor to the drain of another as
well as the connection between the drains outputs on one side
to the antenna on the other side.

This network performs two separate tasks, first of which is to
set the fundamental frequency of the oscillator. The second pur-
pose of the network is to satisfy the power matching criteria be-
tween the drain of the transistors and the resistive load of the an-
tenna at the fourth harmonic. To satisfy both of these conditions,
the network should provide at least two degrees of freedom.
These two can be independently set by tuning the length of the
gate and drain connections. Fig. 11 shows the signal paths cor-
responding to the odd-mode of the network at the fundamental
frequency and its even mode at the fourth harmonic. Using the
fourth harmonic is a good compromise between lower harmonic
numbers with limited fundamental amplitude and higher har-
monic numbers with increasingly lower fundamental to har-
monic power ratios. In [38], one can find a more detailed argu-
ment on the process of selecting the proper harmonic number.
The stored energy in this oscillator is distributed across many
different elements. Thus, to calculate the quality factor we use
its fundamental definition based on the ratio of dissipated en-
ergy per cycle over the total stored energy. Using this defini-
tion, simulations indicate the quality factor of the oscillator is
15.5 and the distributed resonator is the main contributor to this
dissipated energy.

The transmission lines use the top metal layer as the signal
layer and the two bottom metal layers as ground. Each core is
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(a)

(b) (c)

Fig. 11. (a) The core oscillator and radiator indicating the signal paths at the
fundamental frequency and the fourth harmonic. Equivalent circuit at the fun-
damental frequency (b), and at the 4th harmonic (c).

coupled to its four neighboring oscillators. Two couplers on one
side of the oscillator inject energy to the core from previous
rows and columns. Another two buffers on the other side of the
oscillator inject energy from the core to the phase shifters in
the next row and columns. These four interfacing devices are
considerably smaller in size compared to the core devices. As
a result, while isolating the core resonator from the rest of the
circuit, they have limited effect on harmonic power generation.

B. Distributed Phase Shifter

The coupling phase shifters connect all adjacent oscillators
while providing the necessary phase shift required to adjust
the frequency and phase of any given node of the array. In
this phased array structure all neighboring cores should be con-
nected through the same coupler circuit. Since each array node
is separated from its neighbors by half the wavelength of the ra-
diating frequency, the connection between two adjacent neigh-
bors always contains this fixed distance. Thus, to implement an
efficient structure it is appropriate to look for a coupling mech-
anism that absorbs this distance into the phase shifting process.

The proposed distributed coupler that connects two adjacent
cores is shown in Fig. 12. The phase shifter consists of the input
buffer from the previous core, the transmission line, and the
output energy injecting device. The transmission line is uni-
formly loaded by six varactors that set the propagating phase
shift between the two ends. Fig. 13 shows the simulated quality
factor of the varactors and the characteristic impedance of the
transmission line as a function of the varactor bias voltage. Here,
the control voltage is defined as the difference between the drain
and the gate terminals of the varactor. This transmission line is
impedance matched with respect to the injecting device at the
input and is reflective at the other side. This forms a distributed
phase shifter that we tune by changing the value of the varac-
tors. The transmission line provides zero phase shift at the free
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Fig. 12. Distributed phase shifter between adjacent oscillators. The phase
shifter operates at the fundamental frequency.
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Fig. 13. Simulated quality factor of the varactors and the characteristic
impedance of the phase shifter.
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Fig. 14. Simulated phase (8) and coupling factor (k) of the phase shifter as a
function of the applied control voltage.

running frequency of the oscillators resulting in an in-phase cou-
pling for this initial value. At the fundamental frequency, the in-
jected energy is translated through the coupler with zero phase
shift in order for the locked frequency to match the center fre-
quency of oscillators. Phase and frequency tuning are realized
by tuning the phase shifter around this bias point. Fig. 14 shows
the simulated phase shift of the coupler as function of the con-
trol voltage.

This coupler simultaneously achieves two important design
targets: connecting the two neighboring cores and providing
phase control over the coupling. By using this structure, even
local connections in this phased array structure are efficiently
exploited for design purpose. Furthermore, since the phase
shifters avoid inductors as a means of creating resonance, they
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Fig. 15. (a) Structure of the patch antenna. (b) The simulated radiation pattern.
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Fig. 16. Measurement setup for (a) phase noise and frequency range of the
array, and (b) the radiation pattern and the beam steering. The two rotating plates
measure the beam along the two orthogonal angles: ¢ and ©.

lead to a low profile and scalable design. While this implemen-
tation includes a single stage coupler, it is possible to increase
the tuning range of the phase shifter by cascading multiple
stages. This can be useful for applications that requires more
phase tuning and/or a larger coupling coefficient.

C. Terahertz Integrated Radiation

The sub-mm dimensions of terahertz wavelengths permits the
integration of antenna with the rest of the circuit that can re-
sult in a cost-efficient and low-profile phased array. However in
order to implement any radiation mechanism on silicon one has
to address the adverse effects of substrate coupling. Due to the
high refraction index of silicon with respect to air, most of the
on-chip radiated energy excites the substrate modes resulting
in loss and undesired radiation patterns. With a fixed substrate
thickness, substrate coupling increases with frequency. As a re-
sult, this phenomena becomes more serious for terahertz fre-
quencies where the radiating wavelengths are comparable with
the thickness of bulk silicon substrate. Prior radiation methods
have employed silicon lens in order to guide the substrate cou-
pled energy into the desired direction [33], [35], [36]. Using a
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Fig. 17. Measured spectrum of the chip at 338 GHz.
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Fig. 19. Simulated and measured frequency tuning range as a function of the
phase shifter control voltage.

silicon lens not only increases the cost of the terahertz source,
but also prevents any electrical control on the beam angle. Alter-
natively it is possible to reduce the substrate thickness in order
to cancel all coupling modes [34].

Finally, a third method to avoid coupling is to shield the sub-
strate and perform front-side radiation using a patch antenna.
A patch antenna has several advantages that become even
more prominent as the frequency increases. First, it avoids any
substrate coupling which results in a fully integrated radiation
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Fig. 20. Measured radiated beam of the array along orthogonal angles at 338 GHz.

mechanism without the need for extra components or post
processing. Second, in a phased array structure it also mini-
mizes coupling between adjacent antennas due to its inherent
shielding. Finally, the bandwidth of this antenna is a function
of the electrical distance between the signal and ground layers
which can be adjusted to a desired range. However, this de-
pendence of properties of the patch antenna on its electrical
thickness can also become problematic. In a typical CMOS
process, around 340 GHz the widest available metal distance
results in a patch bandwidth of only 15 GHz which is much
smaller than a dipole-based antenna. As a result, to maintain
power matching it is essential to take extra care in modeling the
center frequency of the antenna and carefully aligning it with
the frequency of the source.

Fig. 15 shows the structure of the patch antenna along with
its feed from the oscillator output. The length of the antenna
is A/2 at 340 GHz, while its width is adjusted for the target
radiation impedance. Since the patch acts as a leaky resonator
that radiates through the electromagnetic field formed around
its periphery, shielding the antenna using metal walls does not
compromise the radiation pattern [45]. For simulation, we use
HFSS to extract the S-parameters of the antenna along with the
distributed oscillator network and model it along with the rest
of the circuit.

D. Power Supply Distribution

The supply is provided by a quarter wavelength line to the
center tap of the resonator. In order to accommodate for the
large amount of current distributed across the chip we have cre-
ated a multilayer plane of supply and ground using four metal
layers. This plane propagates across the entire surface except
for the areas inside the resonators. The simulated characteristic
impedance of the plane is less than 0.1 €2, which minimizes
supply voltage ripples due to high frequency currents.

In our present implementation the supply is provided by wire-
bonds from the boundaries of the array. As a result, the total cur-
rent handling of the chip is proportional to the array perimeter
while the total current increases proportional to the number of
cores, thus proportional to the area. In this configuration, cur-
rent distribution approach will eventually become a bottleneck
in further scaling of thee array. However, using 3D packaging
techniques it is possible to provide distributed supply currents
across the array and alleviate the limitations of power supply
distribution from the chip boundaries.

605
D348
0° %
-
60 /
: L ee®
18 14 10 6 2 2 6 10 14 18
Directivity (dB)
35° 35
30 // 30
25° v 25
20 // // 20
15° / /' 15
o 10 = S N 10° o
=] / 4 <)
c 5 5 C
© < 7/ ©
e oc ~ 4 0 o
5 — 4 » ]
10° " S/
107~ / 10
15° -15°
//
-20° -20°
-25° -25°
4.2 -0.8 -0.4 0.4 0.8 1.2

0
AV (V)

Fig. 21. Measured beam steering across the orthogonal angles as a function of
the differential control voltage (AV) applied to the phase shifters across rows
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V. MEASUREMENT

The chip prototype is fabricated in a TSMC 65 nm bulk
CMOS process. The source contains a tunable array of 16
radiators operating at 340 GHz, which demonstrates the first
fully integrated terahertz phased array on CMOS [46]. The
DC supply to the core oscillators and the couplers are sepa-
rated and their values are 1.2 V and 1.1 V, respectively. The
measurement setup is shown in Fig. 16. In order to measure
the beam pattern, the chip is mounted on a plane that can be
rotated along orthogonal angles. For frequency measurement,
the receiving horn antenna is connected to a VDI harmonic
mixer that down-converts the terahertz signal with the 12th
harmonic of the LO frequency.

When oscillator coupling is in effect, the measured radiated
frequency of the source is 338 GHz. Fig. 17 shows the mea-
sured spectrum and Fig. 18 shows the measured phase noise
is —93 dBc/Hz at a 1 MHz offset from the center frequency.
To the extent of our knowledge this is lowest measured phase
noise compared to any previous radiating electronic source
above 100 GHz. This is a result of the coherent combining of
multiple sources possible in this phased array, which leads to a
phase noise beyond the limits of a single source. The measured
phase noise is however an upper limit of the actual phase noise
due to the excess noise introduced by the harmonic mixer. As
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Fig. 22. Measured radiation pattern and beam steering across the two orthogonal angles.

Fig. 18 shows this excess noise dominates the noise floor for
frequencies more than 1 MHz away from the center frequency.

By tuning the common value of the coupling phase shifts
the center frequency is tuned from 337 GHz to 339 GHz as
shown in Fig. 19. Further tuning is possible by changing the
supply voltage of the couplers. This would change the gy, of
the coupling devices which modulates the coupling coefficient
and increases the frequency tuning range. However, a preferred
method for increasing the tuning range is to use a multi-stage
version of the proposed phase shifter.

The coupling mode of the array can be indirectly verified by
the measured output power spectrum. Since the array oscilla-
tors and phase shifters are optimized for in-phase coupling, the
expected simulated output power is only achievable at this par-
ticular coupling mode.

In order to observe the beam pattern and beam steering, we
use a VDI zero bias detector. Using this detector we measure the
relative power at different angles between the chip and the re-
ceiving horn antenna. As shown in Fig. 20, the radiated beam at
338 GHz has —3 dB beam widths of 24 degrees and 27 degrees
in the two orthogonal angles. Integrating this beam pattern in
spherical coordinates results in an a antenna directivity of 18 dB
[47]. Subtracting the 12 dB due to the array gain, yields a mea-
sured antenna directivity of 6 dB for the patch antenna which
is in agreement with simulations. Next, by differential tuning
of the phase shifters we measure the change in the direction of
the beam. A differential change in the array columns steers the
beam along the © angle and a differential change in the array
rows steers the beam along the ® angle. The measured beam
angle is shown as a function of the control voltage in Fig. 21.
The beam steering is 50 degrees in ¢ and 45 degrees in ©. Most
likely, the bias present in the measured ® angle is due to a tilt
in the measurement setup. A wider tuning range is also pos-
sible by increasing the tuning range of the phase shifters using
the method described in Section III. Fig. 22 shows the radiation
pattern when the antenna is steered in four different angles.

A wide-band calorimeter connected to the horn antenna mea-
sures the radiated power from the chip. This method is wideband
by nature and as a result detects any thermal radiation from the
chip within the detector bandwidth. In order to subtract any spu-
rious detected energy we perform the following procedure: First
the core oscillators are turned on in the absence of coupling. This
creates incoherent radiation which is undetectable compared to
the black body radiation received from the chip. Next, the cou-
plings are turned on resulting in coherent radiation. Since the
chip temperature does not change due to coupling, the measured
increase in the detected power is entirely due to the terahertz ra-
diated signal.

For a matched impedance, the simulated power at the second
harmonic is 10 dB higher than the fourth harmonic power. How-
ever, the narrowband nature of the patch antenna largely sup-
presses this harmonic. Furthermore, the high-pass cut-off fre-
quency of the antenna and rectangular waveguides on the re-
ceive side are much higher than the second harmonic frequency.
As a result, the measured signal power is entirely due to the
fourth harmonic of the oscillators around 340 GHz. Fig. 23
shows the measured power received by the detector as a function
of its distance to the chip which agrees with the Friis equation
for electromagnetic radiation [48].

The equivalent isotropically radiated power (EIRP) is derived
from this measurement by de-embedding the loss due to the
distance between the chip and the receiving antenna. The total
power radiated from the chip is subsequently derived by sub-
tracting the measured antenna directivity of the chip from the
EIRP. For a fixed distance, Fig. 24 shows the measured EIRP
and total radiated power from the chip for different control volt-
ages. The measured peak EIRP of the chipis 51 mW at 338 GHz
and the peak total radiated power is 0.8 mW. Fig. 25 shows the
chip micro-photo indicating its main building blocks. Table I
compares the performance of this chip with prior art. This chip
demonstrates the highest radiated power, the highest EIRP, and
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TABLE 1
COMPARISON WITH PRIOR ART
Reference [34] [35] [36] [37] This Work
Frequency (GHz) 280 288 260 380 338
Total Power (dBm) 7.2% 41" 0.5™ 17.3 0.9
Peak EIRP (dBm) 9.4 N/A 15.7 11 171
ek
Freq. Tuning (%) 3.2 Non-tuning 1.4 0.9 2.1
Phase Noise N/A
(@ 1MHz offset) N/A -87 -78.3 -93
Beam Steering 80/80 Fixed pattern | Fixed pattern | Fixed pattern 45/50
DC Power (W) 0.81 0.28 0.8 0.38 1.54
45 nm SOl 65 nm bulk 65 nm bulk 130 nm SiGe 65 nm bulk
Technology CMOS CMOS CMOS BICMOS CMOS
Area (mm?) 7.2 0.32 2.25 41 3.9

* Substrate-thinning used for front-side radiation
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** A Hemispheric lens is used for back-side radiation

** |Includes 10% variation in the phase shifter supply voltage
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Fig. 25. Chip micro photo.

the lowest phase noise in a terahertz silicon source without using
any extra components or post processing.

VI. CONCLUSION

The extension of the operating frequency of silicon inte-
grated systems into terahertz frequencies faces fundamental
obstacles due to the limits of individual devices and circuits.
To overcome these limitations, in this work we propose a
collective approach toward terahertz signal generation that
employs large number of devices in a fully scalable fashion.
Using this method we present a scalable terahertz phased array
that demonstrates a radiated power level and spectral purity
that is beyond what is achievable by conventional sources and
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phased arrays. This demonstrated technique paves the way for
high power generation at terahertz frequencies using CMOS
technology. Furthermore, the presented technique can be em-
ployed by compound semiconductor technologies to achieve
even higher power levels at higher operating frequencies.
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