IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 47, NO. 12, DECEMBER 2012

3013

A 0.28 THz Power-Generation and Beam-Steering
Array in CMOS Based on Distributed
Active Radiators

Kaushik Sengupta, Member, IEEE, and Ali Hajimiri, Fellow, IEEE

Abstract—TIn this paper, we present a scalable transmitter archi-
tecture for power generation and beam-steering at THz frequen-
cies using a centralized frequency reference, sub-harmonic signal
distribution, and local phase control. The power generation and
radiator core is based on a novel method called distributed active
radiation, which enables high conversion efficiency from DC to ra-
diated terahertz power above f,,., of a technology. The design evo-
lution of the distributed active radiator (DAR) follows from an in-
verse design approach, where metal surface currents at different
harmonics are formulated in the silicon chip for the desired elec-
tromagnetic field profiles. Circuits and passives are then designed
conjointly to synthesize and control the surface currents. The DAR
consists of a self-oscillating active electromagnetic structure, com-
prising of two loops which sustain out-of-phase currents at the
fundamental frequency and in-phase currents at the second har-
monic. The fundamental signal, thus gets, spatially filtered, while
the second harmonic is radiated selectively, thereby consolidating
signal generation, frequency multiplication, radiation of desired
harmonic and filtration of undesired harmonics simultaneously in
a small silicon footprint. A two-dimensional 4x4 radiating array
implemented in 45 nm SOI CMOS (without high-resistivity sub-
strate) radiates with an EIRP of +9.4 dBm at (0.28 THz and beam-
steers in 2D over 80° in both azimuth and elevation. The chip occu-
pies 2.7 mm x 2.7 mm and dissipates 820 mW of DC power. To the
best of the authors’ knowledge, this is the first reported integrated
beam-scanning array at THz frequencies in silicon.

Index Terms—Antenna, beam-scanning, CMOS, filter, fre-
quency multiplier, millimeter wave power amplifier, on chip
antenna, phased array, push-push, radiation, submillimeter wave,
surface wave, Terahertz, traveling wave.

I. INTRODUCTION

HERE has been a growing interest in the terahertz

frequency range (0.3-3 THz) in the past few years for
numerous applications ranging from ultrafast wireless com-
munication, imaging, low-cost diagnostics to remote sensing,
spectroscopy and quality control [1]-[4]. A major portion of
the new applications are contingent on the availability of a
low-cost technology in this frequency range, which is currently
dominated by expensive and bulky optics, femtosecond and
quantum cascade lasers, and compound III-V semiconductor
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processes. Silicon technology, especially CMOS, can fill this
technology “vacuum”. However, new techniques and innova-
tions need to be developed to push current CMOS technology
into the terahertz frequency regime, since the cut-off frequen-
cies of most of today’s technology nodes are in the sub-THz
region.! In this paper, we propose a general design concept
to efficiently generate, radiate and beam-steer at frequencies
above fi,.x of a technology. The method is applicable to higher
frequencies and scalable to larger number of elements in silicon
or compound semiconductors alike.

The major challenges in realizing fully integrated THz sources
in CMOS are efficient generation of THz signals with sufficient
power on-chip and efficient extraction of the signal from the
chip. The lower cut-off frequencies of CMOS compared to
compound III-V processes of similar feature sizes imply that
nonlinearities inherent in silicon integrated circuit technology
need to be exploited to generate harmonic power above frax.
However, low breakdown voltage, low quality factor passives
and lossy filtering make on-chip generation and filtering of THz
signals very challenging. Extracting the generated power from
the silicon die is equally formidable. Classical antennas which
work well in free-space, are not efficient radiators in silicon.
When implemented in silicon, the substrate with its high dielec-
tric constant acts as an excellent dielectric waveguide, trapping
most of the radiated power into surface wave modes [5]-[9].
Mitigation of this problem requires expensive post-processing,
external silicon lens or custom fabrication process options such
as high-resistivity substrates [9]-[11]. Previous works have
shown radiated THz power in CMOS in tens of nanoWatts
of power, far too small to be of much practical use [12]-[15].
While interesting results on on-chip power generation with
probe-based measurements have been reported in [16]-[19],
[26], in this work, we will address the generation and extraction
of the desired signal together, for the efficient conversion of
DC into radiated THz signal.

In this paper, we present a scalable 4 x 4 element power-gen-
eration and beam-scanning 2D array in CMOS with near
10 dBm of Effective Isotropic Radiated Power (EIRP) at
0.28 THz and 80° of digitally controlled beam-scanning range
in 2D space [20]. The architecture is shown in Fig. 1. The chip
is implemented in a 45 nm CMOS SOI process with a typical
Sfumax ~ 190200 GHz [19], [21], [22].2 In this paper, we

The Terahertz frequency is alternatively referred to as the sub-millimeter-
wave frequency and technically extends from 300 GHz-3 THz.

2In [19], finax is measured for a 30-pm-wide transistor with interconnects up
to the top metal layer.

0018-9200/$31.00 © 2012 IEEE
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Distributed Active Radiator
Cores at 0.28 THz

Fig. 1. Proposed scalable architecture of the integrated THz power generator and beam-steering array in CMOS.

propose an inverse design approach where we first formulate
currents on metal surfaces in the silicon chip necessary to create
the desired radiated THz far-fields, and then design actives and
passives conjointly to synthesize, control and manipulate the
formulated surface currents. This true circuits-electromagnetics
co-design approach leads to the conceptual evolution of the
power generating and radiating core in the array, which we
call the distributed active radiator (DAR) [24], [25]. The DAR
is an electromagnetic structure strongly coupled with actives,
which achieves conversion of DC power into radiated power
above fi.x, by consolidating signal generation, frequency mul-
tiplication, radiation of the desired frequency and free-space
filtering of the undesired harmonics simultaneously. The active
electromagnetic structure converts DC into a traveling wave
oscillation at a design frequency and generates harmonic power
due to distributed nonlinearities. Moreover, through a careful
manipulation of currents at different harmonics, it suppresses
fundamental signal radiation and allows the desired harmonic
to radiate efficiently, by cancelling a major fraction of the
surface wave power. As the paper will show, the structure
is particularly suitable for array implementation for lossless
power combination in air, high EIRP generation and electronic
beam-scanning. The paper is organized as follows. Section II
explains the challenges in terahertz power generation and
radiation in silicon. Sections III and IV elucidate the conceptual
evolution and design and optimization of DAR respectively.
In Section V, we discuss the architecture for the beam-scan-
ning array in CMOS, while circuits and building blocks are
described in Section VI. The measurement results are presented
in Section VII.

Power Generation
Block

Interconnects Radiating
block

Fig. 2. A partitioned block-by-block approach to generation and radiation of
power above fax-

II. CHALLENGES OF TERAHERTZ POWER GENERATION IN
SILICON: PARTITIONED APPROACH

As mentioned before, the two major challenges in realizing
an efficient high power integrated terahertz source in silicon are
signal generation and extraction from the silicon die. The rele-
vant parameter to consider here is the conversion efficiency from
input DC power to total radiated Terahertz power and/or EIRP.

The conventional approach, which we refer to as the parti-
tioned approach, is illustrated in Fig. 2. This traditional design
methodology separates the functions of generation and extrac-
tion into circuits and electromagnetics respectively. The circuit
functionality is then realized using standard classical blocks
such as oscillators, amplifiers, frequency multipliers, filters
which are all designed separately and then interconnected
through some combination of lumped passives, interconnects
and transmission lines, as shown in Fig. 2. A self-sustained
oscillator converts DC power into RF power below fiax,
which after amplification is frequency multiplied, filtered of
all the undesired harmonics, and then propagated through a
series of matching networks before getting radiated through a
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tuned antenna. The partitioned approach with cascaded tuned
elements does not scale well with frequency or output power.
Higher output power will demand larger device sizes, which
will make it prone to parasitic scaling, mismatches, modeling
inaccuracies and frequency detuning. In addition, due to the
significant loss in the matching networks, a substantial amount
of fundamental and harmonic power is lost, while propagating
from the signal source to the radiating element. An efficient
mechanism of generating THz power onchip is only half the
puzzle solved. The extraction/radiation of the generated signal
from the chip is equally challenging. At these frequencies,
wirebonds or flip-chip interconnects add unacceptable amounts
of parasitics. Therefore, coupling it directly from the silicon
die using on-chip radiative mechanisms is the most reliable
way. However, silicon substrate, with its high dielectric con-
stant (¢, = 11.7), acts as an excellent dielectric waveguide
in its interface with air. It traps most of the radiated power
into substrate modes which gets dissipated in the lossy silicon
substrate (with bulk resistivity ~ 10 {2-cm), reducing radiation
efficiency drastically [S]-[9]. Therefore, if we assemble all the
parts together in this block-by-block partitioned approach, the
overall DC-radiated THz efficiency is likely to be sub-optimal.
This is essentially because locally optimizing the design blocks
forces us to work in an artificially created narrow design space
and overlooks the innovations which may lie in a broader space
[23].

III. INVERSE DESIGN APPROACH: DESIGN EVOLUTION OF
DISTRIBUTED ACTIVE RADIATOR

At a higher level of abstraction, we are interested in gen-
erating radiated electromagnetic fields at THz frequencies of
desired strength at a certain far-field distance. By Maxwell’s
laws, the radiated fields depend on the surface currents in the
silicon chip. Silicon technology offers the capability of integra-
tion of very large number of high-speed transistors and layers
of back-end-of-the-line metal stacks with fine lithographic res-
olution. Therefore, it may be possible to create complex cur-
rent configurations and finely controlled electromagnetic field
profiles, using a judicious combination of actives and passives,
which may not otherwise be possible for a much constrained de-
sign space, such as a single-port passive antenna element or in
a block-by-block design approach. This concept is illustrated in
Fig. 3, where the surface current configuration in the silicon chip
is initially formulated and then synthesized directly to create
the desired near or far field profiles. The design evolution of the
Distributed Active Radiator will follow this approach of inverse
solution to Maxwell’s equations and build up harmonic power
generation and radiation mechanisms from basic principles.

A. Conceptual Synthesis of Fundamental and Harmonic
Surface Currents in Silicon

Let us suppose that it is possible to build oscillations at a fre-
quency fy near f,., and we would like to radiate the second har-
monic 2 fj (above f.x) by suppressing the strong fundamental
and the other undesired harmonics. Instead of any passive fil-
tering with lossy elements onchip, we would achieve this with
almost no loss in free-space. Two current elements which are
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Fig. 3. A conceptual depiction of the inverse design approach: Formulate sur-
face currents on metal in the silicon chip to create the desired field pattern and
design passives and actives conjointly to synthesize, control and manipulate the
surface currents.

Fig. 4. Conceptual synthesis of fundamental and harmonic currents for free-
space filtering of the fundamental signal and efficient radiation of the desired
second harmonic signal.

out-of-phase, placed very closely to each other, cancel their ra-
diated fields and therefore, constitute a poor radiator or a filter, as
shown in Fig. 4. This is primarily the reason why on-chip trans-
mission lines are poor radiators, since the forward and return cur-
rents, being out-of-phase and closely placed, cancel their indi-
vidual radiated fields. However, if the currents are in-phase, they
add up their radiated fields. Small loops are, however, inefficient
radiators and their radiation plane lies in the plane of the loop,
which isnot suitable for an efficient onchip antenna. If we expand
the loops such that their circumferences equal the wavelength at
the desired radiation frequency of 2 fy, then we have two loops
sustaining two traveling waves at 2 f;, which propagate and ra-
diate in phase along the broadside direction and complete 360°
in one loop traversal (Fig. 4).

B. Active Synthesis of Currents for the Desired Harmonic
Radiation

In order to sustain traveling waves at 2 fy which constantly
lose power through radiation, currents at 2 f; are injected at
appropriate phase progression of 0°, 90°, 180° and 270° into
the loops, at equi-spaced positions,3 to maintain the total phase
change of 360° over the loop, as shown in Fig. 5. Common-
mode second harmonic currents (2fy) above fi.x are gener-
ated by driving transistor pairs differentially at the fundamental
frequency f, (< finax) into strong nonlinear regime. As illus-
trated in Fig. 6, transistor pairs are driven differentially at f; at
0° and 180°, 45° and 225°, 90° and 270°, and 135° and 315° to
generate common mode 2 f; drain currents at 0°, 90°, 180° and

3We consider the case of four current injection ports, but there can certainly
be more injection currents at the appropriate phases distributed over the loop.
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Fig. 5. Second harmonic current pumped in the appropriate phase progression
to maintain in-phase traveling and radiating waves in two adjacent loops.
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Fig. 6. Pseudo-differential pairs driven strongly at the first harmonic to create
in-phase second harmonic currents pumped into the distributed radiating loops.

Ground Plane

Fig. 7. The second harmonic return current from the actives channelized
through a ground plane. The return currents on the ground are out of-phase
with the forward currents on the loop, cancelling most of the radiated fields.

270° respectively. Section III-C will elaborate on the method
for generation of the driving signal at fy at the required phase
progression, but for now, we assume that such a synthesis is pos-
sible. In summary, if transistor pairs were driven differentially
at the appropriate phase progression as shown in Fig. 6, it is pos-
sible to sustain traveling waves at the second harmonic 2 f; on
both the loops, which propagate and radiate in phase.
However, as can be seen in Fig. 6, the second harmonic cur-
rents are common mode and in order to close the current loop, a
return path has to be provided from the source to the sink. The
radiative mechanism of the traveling wave loops can be under-
stood by analyzing the entire current configuration at 2 f; in-
cluding the return path through the transistor pairs. If this path
is provided by a ground plane as shown in Fig. 7, then the loops
will essentially behave like microstrip lines for all frequencies
and therefore be poor radiators.* The forward propagating 2 f;
currents on the loops and the return out-of-phase currents on
the ground plane will cancel each other’s radiated fields. It is
apparent that the path of the return current with respect to the
forward propagating wave decides how the radiated fields in-
terfere. We, therefore, turn the transmission line behavior into

4Fig. 7 shows the instantaneous current flow for a traveling-wave full-wave-
length loop (not the direction of wave propagation). With time, the current and
the electromagnetic field configuration rotate about the broadside axis.
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Ground Plane

Fig. 8. The second harmonic return current from the actives channelized
through a longer path through a ground aperture plane, creating a 90° phase
difference between forward and return path. The radiated fields of two con-
centric loops add in quadrature in free-space, simultaneously achieving high
radiation efficiency and high conversion efficiency, as shown later in Fig. 11.

radiative behavior by modifying the manner in which the return
current flows.

Fig. 8 illustrates the concept. The return currents are forced
outwards by creating a ground aperture opening, which chan-
nelizes the return current through an extended path length. As
shown in Fig. 8, this creates a phase rotation between the for-
ward current on the loop and the return current through the
ground plane, determined by the radius of the ground aperture
opening. Section I'V will discuss the optimum choice of the aper-
ture radius for maximum second harmonic power generation
and radiation. In the implemented design, the optimum radius
induces nearly 90° phase difference between the forward cur-
rent on the loop and the return current through the ground plane.
Therefore, instead of two out-of-phase currents cancelling their
radiated fields in a microstrip line in Fig. 7, the radiated fields
of the forward and return path are now in phase-quadrature and
they add up their power in space (Fig. 8). It can be noted that the
power at 2 f injected by the transistors immediately gets radi-
ated through the second harmonic traveling waves. This elim-
inates the usual propagation loss incurred in the matching net-
works and filters from the source of generation to the location
of radiation in a traditional design approach (Fig. 2).

C. Distributed Active Radiation: Complete Chain of
DC-radiated THz Conversion

We will now address the generation of multi-phase drive
signal at fy at the gates of the pseudo-differential pairs. We
generate the drive signal at fy and all the required poly-phases
from the radiating loops themselves, thereby achieving a com-
plete DC- radiated 2y (> fmax) conversion.

In order to create a differential swing at the gates we cross
couple the transistors and crisscross the loops into a Mobiiis
strip as shown in Fig. 9. This creates a condition where trav-
eling wave oscillation sets up at a fundamental frequency f,,
such that the total loop phase is 180° [27]. The loops act as
differential transmission lines for f, and all its odd-harmonics.
The adjacent forward and return currents are out-of-phase and
they cancel the radiation at the fundamental frequency of os-
cillation f, and at all its odd-harmonics. As the fundamental
wave propagates and creates a differential swing at the gates
of the actives, second harmonic currents at 2 f, are injected in
phase in both the loops and they radiate in the traveling-wave
mechanism as described in Sections III-A and III-B. In sum-
mary, as soon as the transistor pairs are properly biased through
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Fig. 9. Distributed Active Radiator: Electromagnetic structure strongly cou-
pled with actives achieving signal generation from DC, frequency multiplica-
tion, efficient radiation of desired harmonic and free-space filtering of undesired
harmonic simultaneously.

the cross-connected loop, a strong and filtered second harmonic
signal at THz frequency couples to the aperture, finds the least
impedance path through the high dielectric silicon substrate and
radiates out from the backside. The fields are circularly polar-
ized due to the traveling wave nature. Due to active synthesis
and manipulation of harmonic currents, the same loop acts as
a transmission line for f, and a distributed radiator for 2 [y,
leading to a high DC-radiated THz conversion efficiency. The
distribution of active devices over the loop allows power com-
bination of multiple sources, while reducing effects of parasitic
scaling. The details of design issues and novel radiative proper-
ties will be discussed in the next section.

IV. DESIGN AND OPTIMIZATION OF DAR

The DAR achieves four functions such as signal generation
from DC, frequency multiplication, filtering and radiation si-
multaneously through a careful control of harmonic currents.
The design of the structure, however, can be partitioned into a
logical step-wise procedure.

A. Fundamental Frequency of Oscillation

The frequency of the traveling-wave oscillation is set by the
length of the loop and the capacitive loading of the transis-
tors. At the fundamental frequency, the loop behaves like a dif-
ferential transmission line of characteristic impedance say Zg,
which is periodically loaded with differential capacitance of the
cross-coupled pairs say Cy. Therefore, the phase shift § experi-
enced by the fundamental frequency fy, through a unit section
of t-line of length [ loaded in the center with capacitance Cy, is
given by

cos (0) = COS (ﬁ()l) — ’/Tf()C()Z[) SiIl(ﬁ()Z) (1)

where 3y is the propagation constant of the unloaded trans-
mission line at frequency fo. The dispersion directly affects
the propagation of the fundamental frequency and the odd-har-
monics for which the structure behaves like a transmission line.
The second harmonic signal injected by the actives, however,
does not see a t-line, but a distributed radiative structure, whose
properties are dependent on the aperture and the ground plane
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configuration which carries the return current (Fig. 8). In this de-
sign, four cross-coupled pairs are distributed over the DAR, as
illustrated in Fig. 9. The pairs consist of 7.5-pzm-wide transistors
which results in a differential Cy ~ 16 fF. The spacing of the
loops in the DAR are chosen to be 5 tsm on the top 2.1-pm-thick
Al layer, leading to a Zp =~ 100 £2. With these parameters, the
mean diameter of the two loops in the DAR can be derived to be
85 pm (from (1)) for a desired fundamental frequency of oscil-
lation of 140 GHz. As shown in Fig. 10, at the fundamental fre-
quency of oscillation, each cross-coupled pair essentially sees
a resonator with a quality factor of the differential transmission
linei.e, Lo = Zose = Rose+JwLose, where the differential in-
ductance 2L 4. resonates with C, at f and Rs. is contributed
by the ohmic loss of the differential t-line and residual radiation
loss.5

B. Ground Plane Aperture and Optimum Impedance Matching

The differential swing at the fundamental frequency creates
in-phase second harmonic currents />y due to transconduc-
tance and capacitance nonlinearity as shown in Fig. 10. The
drain of each transistor sees a radiative impedance Zyyo =
Zoant = Rant+7wLay, where 2, represents the radiation re-
sistance of the DAR, which results in second harmonic power
radiating out of the chip. For maximum second harmonic power
generation, there exists a optimum load-pull impedance at 2 f;
at the drain of each transistor. This radiative impedance Z,,;
(as well as the radiation efficiency of the DAR) is a function of
the aperture diameter. This is illustrated in Fig. 11. In the lim-
iting case, when the aperture diameter tends towards zero, the
structure becomes similar to Fig. 7. The loop segments then be-
have like t-line based inductors (impedance phase is near 90°)
and radiation efficiency reduces to near zero, as can be seen in
Fig. 11. If the aperture radius is too large, the inductance of
the connecting leads affects the second harmonic power gen-
eration. In this approach of circuits and electromagnetics co-de-
sign, the aperture is designed so as to present the optimum load
pull impedance (145 + 235 Q) for the maximum second har-
monic power generation for the choice of the device sizes. As
shown in Fig. 11, the radiation efficiency (backside radiation),
for this choice of aperture radius (70 pm) attains a near max-
imum of 35% for the entire 4x 4 array on a 250 pm silicon sub-
strate. Due to the rotational symmetry of the DAR, all transistors
see the same impedance at the fundamental frequency and all its
harmonics. This approach of circuit and electromagnetic co-de-
sign removes the necessity for a separate matching network. The
radiated second harmonic power per DAR can be calculated as

Pradiated,QfU = 4772f012f02Rant (2)

5Tt should be noted the effective impedance that one-cross-coupled pair sees
cannot be analyzed in isolation and the simultaneous behavior of the other cross-
coupled pairs have to be taken into account Therefore, the L. referred in
Fig. 10, is the net effective impedance seen as a result of the traveling wave
currents injected at the appropriate phase-progression by all the cross-coupled
pairs. The frequency of other traveling modes exceeds fi.x and are thereby
naturally suppressed. The other possible modes such as standing-wave modes
are suppressed by carefully choosing the locations of the cross-coupled pairs.
As can be seen in Fig. 19 (or Fig. 10 or Fig. 14), a cross-coupled pair has been
positioned at the cross-over of the two loops. In a standing-wave pattern, the
cross-over point will be a virtual ground and the presence of the cross-coupled
pair makes that mode unstable.
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Fig. 10. The electromagnetic simulation structure of DAR with eight ports. Harmonic currents are designed to flow in such a way that each transistor, in the
cross-coupled pair, sees a resonator at the fundamental frequency and a radiative impedance at the second harmonic.
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Fig. 11. The upper figure shows the variation of second harmonic radiation
impedance (seen by each transistor in a cross-coupled cell) with the ground
plane aperture radius. The lower figure shows variation of radiation efficiency
(backside radiation) with the ground plane aperture radius for the 4 x4 array
chip on a 250-gm-thick substrate.

where the simulated radiation efficiency 7250 = 35% and I ¢
is the amplitude of the second harmonic current injected into
the DAR (Fig. 10). In order to calculate the fundamental power
suppression, the total radiated power at f;; can be enumerated as

Pradiat,ed,fo = 47]fOIf02Rosc (3)

where the simulated radiation efficiency nro ~ 0.1% and Iyg
is the amplitude of the fundamental frequency current injected
into the DAR.

An electromagnetic and circuit co-simulation is necessary to
capture the signal generation, frequency multiplication, radia-
tion and filtering effects simultaneously. As shown in Fig. 10,
a 3D electromagnetic simulation with eight ports is carried out,
where the ports signify the terminals of the cross-coupled pairs.
A finely swept S-parameter simulation output, upto a few har-
monics of the fundamental frequency, is exported to spectre-RF
simulator and a harmonic balance analysis is carried out with
the extracted models of the negative g,,,-cells. This captures the
self-sustained oscillation and currents and voltages of higher
harmonics and also gives the total first and second harmonic
power injected into the DAR. The electromagnetic simulation
is revisited with the magnitude and phases of current injections
at different harmonics to ascertain the radiation efficiency, radi-
ation patterns, total radiated power and EIRP. The entire design
is compliant with CMOS design density rules.

C. Radiation Properties, Bandwidth and Comparison With
Classical Antennas

We will briefly review some electromagnetic properties of
DAR and compare power generation and radiation mechanisms
with other classical topologies and antennas. A well-known
harmonic generation topology is a push-push oscillator where
the second harmonic power is tapped from the common-mode
point, as shown in Fig. 12 [13]. The second harmonic currents,
generated by the transistors, have to flow through the inductor
(in the resonator) before they reach the antenna. In addition to the
ohmic loss suffered in the resonator, this also affects the second
harmonic power matching, necessitating a separate matching
network at the center-tapped point, as shown in Fig. 12. In a
DAR, the resonator for fy, behaves as a radiator for 2f,, and
therefore, the second harmonic power gets immediately radiated
outas soon as it is generated. Effectively, ina DAR, the resonator
is transparent to the second harmonic current I g, as illustrated
in Fig. 12.

Further, impedance matching and performance sensitivity to
process variations, parasitic mismatches and modeling inac-
curacies are critical at these frequencies. Due to the traveling
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Fig. 12. Comparison of power generation and radiation properties of DAR with other classical harmonic generation and radiation mechanisms. (a) Push-push
oscillator. (b) DAR: engineering surface currents for desired electromagnetic behavior.

wave nature of the radiator and multi-phase pumping, the
current distribution on the loop does not sustain any maxima
or null at the central frequency. Moreover, over a wide range
of input frequencies of the injected currents, no sudden or
sharp nulls develop along the loop. Consequently, the input
impedance at the second harmonic remains fairly constant
over a large bandwidth, as shown in Fig. 12. It can be see that
even though the DAR is optimally matched near 280 GHz,

the simulated radiated power varies by less than 1 dB over
a 70 GHz bandwidth between 250-320 GHz. The range of
the impedances for typical device sizes at these frequencies is
very suitable for traveling-wave DAR architecture. A classical
full-wavelength loop antenna, on the other hand, may present
a very low input impedance due to the standing-wave current
maxima at the input, as shown in Fig. 12. Additionally, since
the resonator and radiator are the physically the same structure
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Fig. 13. Tllustration of suppression of TEy surface wave mode in a full-wavelength traveling wave radiator, which is one of the two dominant surface wave modes
for a substrate height of 250 gm. The other TM; is suppressed by spacing the array elements near T\ /2.

in a DAR, process variations and modeling inaccuracies affect
the properties at fundamental frequency of oscillation and
the second harmonic in correlated fashion. Due to parameter
variations, if the frequency of oscillation shifts, the second
harmonic currents will be still be pumped at the right phase
progression. This makes the radiated power less sensitive to
process variations. Comparatively, a classical onchip patch
antenna can suppress surface wave excitation with a ground
shield, but typically suffers from narrow bandwidth due to close
spacing (~ 10 ym between the patch and the ground plane). A
typical performance over frequency is shown in Fig. 12. There
are design methodologies that extend the bandwidth, but in
general, a patch antenna is a highly resonant structure, which
makes the power generating element connected to the patch
antenna sensitive to parameter variations.

A full-wave length traveling wave antenna also suppresses
surface-wave excitation in the silicon substrate to a large extent.
One full-wave length traveling wave radiator, with its current
flow at one instant of time, placed over a finitely thick silicon
substrate is shown in Fig. 13. As the wave travels around the
loop, the current distribution and electromagnetic field configu-
ration in the silicon substrate simply rotate about the broadside
axis. This implies that the surface-wave power, excited by the
radiator, is radially symmetric and independent of the angle of
observation ¢. Therefore it is sufficient to analyze the field con-
figuration at any given instant of time. It can be shown that for
a silicon substrate thickness of 250 m with a ground shield on
one side, the dominant surface waves for an infinitesimal current
element are TEj and TM; contributing to 90% of the total sur-
face wave power at the central frequency of 275 GHz [5]. The
principle of substrate mode cancellation for a full-wavelength
traveling-wave DAR relies on surface waves excited by one part
of the loop cancelling that of the other part. The concept is il-
lustrated in Fig. 13. For the instant of time shown, the instanta-
neous current maxima are located at ¢ = 90° (A) and ¢ = 270°
(B). One of the dominant modes, the TEj mode, has maximum
power-flow perpendicular to the direction of current [5]. There-
fore if the radius of the loop is so adjusted, that the strongest cur-
rent elements at A and B are near Atg, /2 apart,6 then the TE

%In reality, due to the contribution to the other instantaneously less strong
current elements distributed over the loop, the optimum spacing for TE mode
cancellation is approximately 0.55A ).

surface waves, excited by each of them, can be made to destruc-
tively interfere, canceling major portion of the mode power.
However, as discussed in Section IV-A, the circumference of the
traveling-wave loop is set by the fundamental frequency of os-
cillation, where it behaves like a transmission line embedded in
the oxide layer, as shown in Fig. 13. For a loop phase of 180° at
fo, the loop diameter satisfies 2a = Aqo(oxide) /7.7 Because of
the ratio of effective dielectric constant between the oxide layer
and silicon substrate (£, (oxide) : &, (silicon) & 3.9:11.7), this
relation also implies that 2a & Aq ro(silicon)/2. More precisely,
the oscillation condition near 140 GHz requires 2a = 175 pm
in the oxide layer, which also corresponds approximately to
the near-optimum spacing of Atgo /2 = 186 pm for the TEg
mode cancellation in a 250 zim silicon substrate. A theoretical
electromagnetic field analysis shows that more than 90% of the
TEy power can be suppressed in such a way in a DAR. In the
implemented design, where the loop diameter is reduced due
to parasitic capacitances of the transistors, nearly 50% of the
TE( mode power is still suppressed. The principle of cancel-
lation also holds for other TE modes whose wavelengths are
close to the TEM wavelength in bulk.8 The remaining dominant
surface-wave mode is the TM; mode with Aty; = 755 pm.
While the ideal DAR element spacing for TM; suppression is
near Atn /2, the elements are placed at separations of approx-
imately Air/2 (& 500 pm) for a higher directivity and larger
beam-scanning range, while still suppressing most of power
leaked in the TM; mode. In summary, two of the dominant
modes TEq and TMy, are suppressed in a DAR array, leading
to higher radiation efficiency and clean pattern for a typically
thick silicon substrate of 250 pm.

D. Bias Network Design

The Vaq supply to the actives in the DAR is provided with a
t-line network which is shown in Fig. 14. The network presents
an open circuit impedance at both the fundamental and second
harmonic so as not to load the DAR and affect its operation.
At the fundamental frequency of fy, the DAR sees a resultant

TAago(oxide) and Axeo(silicon) refer to TEM wavelengths in oxide
and silicon; Asgo(oxide) = Aopo(air)/y/ &.(oxide) and Aspo(silicon) =
Aseo(air)/+/ €. (silicon).

8The TE mode wavelength tends towards that of the TEM mode at higher
frequencies or thicker substrates.
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Fig. 14. The transmission-line network providing Va4 supply to the actives in the DAR without loading the DAR operation either at the fundamental frequency

or at the desired radiation frequency of 2 f.

A/4 shorted t-line stub due to the two A/8 t-lines in series. At
2 fo, the DAR seeing a resultant open-circuit presented by a A/8
(@ fo) and therefore A/4 (@ 2 fo) shorted t-line stub. The tran-
sistors were biased at their maximum f,,, current density of
0.3 mA/pm, resulting in each DAR drawing nearly 20 mA of
DC current.

V. DISTRIBUTED ACTIVE RADATIOR BEAM-SCANNING
ARCHITECTURE AT 0.28 THz

In the previous section, we showed distributed active radi-
ation to be an efficient method of conversion from DC-THz
power. In order to generate higher power and higher EIRP, ar-
rays of such structures can be coherently locked to each other,
so that the radiated signals combine coherently in free space
without incurring onchip combiner losses. The total radiated
power and EIRP scale as N and N2 respectively, where N is the
total number of array elements. Such an array realization also
enables us to perform electronic beam-steering in space, by in-
troducing individual phase control in each of the radiating ele-
ments. It is challenging, however, to synchronize multiple such
autonomous radiating structures distributed across the chip, for
coherent power combination. In [24] and [25], mutual synchro-
nization networks using transmission lines [24] and nearfield
coupling [25], were demonstrated in 2% 2 arrays of DARs. The
final frequency of oscillation of such a mutually injection locked
system is determined by the common oscillation frequency of
individually free-running oscillators [28]-[30]. In a practical
system, we may often desire a central frequency reference con-
trolling the frequency of the transmitted beam. Also in a mu-
tually locked setting, it is difficult to scale the array to a large
number of elements. In this paper, we present a scalable power-
generation and beam-steering architecture with a central fre-
quency reference, compatible to phase and frequency locking
to a low frequency source.

The beam-scanning and power generation architecture is
shown in Fig. 1. The key element in the overall architecture is
that desired harmonic power is generated locally and radiated
immediately. This happens at the front-end of the transmitter in
the individual DARs, enabling high conversion efficiency from

DC-THz. Therefore, the architecture simply enables a scalable
frequency and phase control of the individual DARs and is
not based on propagation of harmonic power from the source
of generation through multipliers chains, matching networks,
filters and antenna elements.

As shown in Fig. 1, a central frequency reference, constituted
by an onchip VCO with differentials buffers, distributes signals
to the entire chip at subharmonic frequencies to minimize losses
in signal distribution. The VCO is tunable around 94 GHz with
a 6 GHz tunable bandwidth. The central frequency of oscil-
lation is one-third of the frequency of final radiated signal
at 0.28 THz. The buffers distribute the 94 GHz differential
signal to four symmetric junction points on the chip through
impedance matched differential transmission lines with equal
delays, as shown in Fig. 1. The t-lines at the four junction points
are terminated by single-ended injection-locked divide-by-two
blocks. The frequency dividers convert the differential signals
at 94 GHz into differential quadrature signals, I and Q at
47 GHz for phase-rotation. An alternative approach would have
been to generate the quadrature signals at 47 GHz centrally,
and then distribute the four signals across the chip. However,
this would have required simultaneous differential I and Q
routing with good isolation which is difficult to achieve with
area constraints.

The quadrature signals at 47 GHz can now be added with
different weights to generate 16 independent phase-rotated sig-
nals at 47 GHz, each of which gets frequency and phase-locked
to the 16 DAR cores. This facilitates control of phase of the
radiated signal from each of the individual cores and enables
beam-forming and beam-steering in 2D space. The outputs of 16
such phase rotators drive 16 injection-locked frequency triplers
which are tuned at 140 GHz, each of which are locked to the
fundamental frequency of oscillation of the DARs. Since the
DARs only radiate the second harmonic, the chip generates and
radiates power at 280 GHz. Therefore the phase rotation, say 4,
induced at 47 GHz gets translated to 66 at the radiated frequency
of 280 GHz.

The signal distribution across the chip at mm-Wave frequen-
cies is enabled through transmission lines, which are carefully
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Fig. 15. The central VCO with differential buffers and the LO distribution with matching transmission-line driving 8 divide-by-two blocks.

modeled using 3D electromagnetic simulations. Since the load
impedances are dependent on length of the t-lines, the input
to the circuit blocks, such as divide-by-two and the frequency
triplers, are matched to the characteristic impedance of the
interconnect t-lines, details of which will be discussed in the
following section. This decouples the design of the output
matching network of the previous stage with the exact place-
ment and layout of the succeeding blocks. The preceding circuit
blocks, such as the oscillator buffers and the phase-shifters,
drive load-pull impedances that ensure maximum power
transfer to the succeeding blocks, such as the divide-by-two
and the frequency triplers.

VI. TRANSMITTER CIRCUIT BLOCKS

A. 94 GHz Voltage-Controlled Oscillator and Buffers

The central VCO is realized as a cross-coupled pair with
a differential t-line based inductor as shown in Fig. 15. The
cross-coupled pair consists of two 12-um-wide transistors
(1-pm-wide fingers), biased at 0.4 mA/pum for a total current of

9.6 mA from a 1 V supply. The differential inductance of 38 pH
is realized with coplanar strip lines placed in a ground tub
which shields the lossy silicon substrate. The t-line is realized
on 1.2-pm-thick copper metal and has simulated quality factor
of 14 at 94 GHz. The varactors are realized with 32-pm-wide
NMOS transistors (1-pm-wide fingers) and the VCO has a
tunable frequency range of 6 GHz.

The buffers draw 11 mA each from a 1 V supply and
drive load-pull impedance for maximum power transfer to the
succeeding frequency dividers. As can be shown in Fig. 15,
the inputs of the divide-by-two blocks are matched to 1002
differential impedances, which get translated to 502 by
matched transmission lines at the split junction. Through the
t-line shunt-series matching network, this impedance is trans-
formed to the differential load pull impedance, for maximum
power transfer by the buffer, as illustrated in Fig. 15. Each of
the output buffers drive 1.5 mW of RF power at 94 GHz into
the t-line distribution network and approximately 180 W of
power reaches the single-ended input of each divide-by-two
block, based on a simulated loss of 3 dB in the LO distribution
network.



SENGUPTA AND HAJIMIRI: A 0.28 THz POWER-GENERATION AND BEAM-STEERING ARRAY IN CMOS BASED ON DISTRIBUTED ACTIVE RADIATORS

Vdd

I+ (viune| -
@46-48 GHz

Div. Bias
T T Z=100Q (Diff)

{ 92-96 GHz }

100 Q Diff.
Divide-by-Two

i
L M A R B S E

Tripler

tt

Vdd HTTh

T vdd

2,-1000 (Diff)

4 LG

fLoad-puII Impedance

@46-48

GHz

Q+
N
/s Q
/ \
va- | !
\ /
\ /
N 7

o &
Address .
Verification |* %
mp
I!HJ.! e .Jy Ea
Phase Rotator ;3. ..

3023

Fig. 16. The injection-locked divide-by-two block showing quadrature signal generation at 47 GHz. Each divider pair drives four phase-rotator blocks whose
weights for the quadrature signals are controlled by 6-bit DACs. The placements of these blocks set are shown in the chip.

48 S 06
L g 415 Lo aad g 0.4 ~ ~ N\~ A\ ~
is 2.0\ AN AN/
SNVARYZANYAY
8/ 2o\ NN
y A JIR) TR Y.
45'50.2 04 06 08 1 12 14 16 E
Tuning Voltage (V) 8 001 002 003 004 005 006

Fig. 17. Simulated variation of central frequency of oscillation of the injection
locking divide-by-two block with varactor tuning.

B. 47 GHz Injection Locked Divide-by-Two
The differential signal at 94 GHz from the output buffers,

drives the inputs of four sets of single-ended frequency divider
pairs which are matched to Z qix = 100 €2, as shown in Fig. 16.

time (ns)

0.07

Fig. 18. Simulated outputs of 4 phase-rotators at 47 GHz separated by 45°
in phase difference. The differences in their amplitudes do not translate to the
succeeding blocks which are injection-locked.

The divide-by-two blocks achieve the quadrature signal gener-
ation, I and Q at half the LO frequency, which are then added
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signal at 282 GHz.

with controllable weights to achieve unique phase-rotated sig-
nals to be locked to a final radiating DARs. Each divide-by-two
pair drives four phase-rotator blocks in its vicinity, as shown in
Fig. 16.

The self-oscillation frequency of the divider is designed
around to be around 47 GHz, which is half of the center fre-
quency of the central VCO. The differential inductors of 58 pH
are realized with coplanar transmission lines isolated by ground
tubs. Fig. 16 illustrates the placement of the individual blocks
in the chip. Since each divider drives the phase-rotators di-
rectly without buffers, parasitic capacitance has to be carefully
extracted to ensure accurate resonance frequency. The varactor
allows around 1.8 GHz tuning range to the center frequency of
the locking bandwidth as shown in Fig. 17. Each divider draws
5.5 mA of current from a 1 V supply.

C. 47 GHz Phase Rotator

Phase-rotation is achieved using a weighted summation of
the quadrature signals at 47 GHz with two current-commuting
Gilbert cells, as shown in Fig. 16 [32]. The four phase control
voltages (VI+, VI—, VQ+, VQ—) are generated using 6-bit
DACs with a serial interface and a 6-bit address. The outputs of
the Gilbert cells are current combined through a t-line matching
network to generate the phase-rotated signals at 47 GHz that
drive injection-locked triplers to generate phase-rotated signals
at 141 GHz.

In such a scheme, the magnitude of the output current, and
therefore RF power at 47 GHz, is a function of the phase-angle
generated, as shown in Fig. 18. When both the quadrature sig-
nals are added in equal weights to generate a 45° signal, the
output current is /2 times that of the case when only one of
the quadrature signal is passed. This difference in amplitude,
however, does not propagate to the succeeding blocks, since the

output swing of the injection-locked tripler is primarily deter-
mined by the biasing condition and design of the tripler. How-
ever, to ensure that the tripler locking is achieved under the con-
dition of minimum current swing in presence of process varia-
tions, the output of the phase-rotator is matched to the load-pull
impedance for maximum power transfer as shown in Fig. 16.
With a 6-bit control, a phase resolution of approximately 1.5° is
achieved at 47 GHz which translates to a phase resolution of 9°
at the radiated frequency of 0.28 THz. Each phase rotator draws
22 mA from a 1 V supply.

D. 141-GHz Injection-Locked Frequency Tripler

The schematic of the tripler, whose output locks to the self-os-
cillation frequency of the DAR, is shown in Fig. 19. The output
signal from a phase-shifter at 47 GHz drive a differential current
injection in a cross-coupled tripler tuned at 141 GHz [31]. As
shown in the Fig. 19, the 47 signal with a phase-angle of § locks
to an output signal of 141 GHz with phase angle of 3¢, which ul-
timately translates to a radiated signal at 282 GHz with a phase
angle of 66. The simulated suppression of the fundamental at the
output is 21 dB and the simulated gain (@140 GHz/@47 GHz)
is —7 dB. The frequency tripler draws 4 mA of current from a
1 V supply.

VII. MEASUREMENT RESULTS

The 280 GHz beam-scanning array is implemented in a
45 nm SOI CMOS process with measured typical fi/fimax ~
190-200 GHz [19], [21], [22]. The silicon-on-insulator tech-
nology does not offer the option of a high-resistivity substrate
for low-loss passives and radiating structures. The insulator
comprises of a 0.225-um-thick buried oxide and the bulk
resistivity of the silicon substrate below is typically 13.5 Q2-cm
which is comparable to other bulk processes. The chip occupies
2.7 mm x 2.7 mm as shown in Fig. 26.

Previous works on DARs [24], [25] needed no substrate thin-
ning and demonstrated radiation of the signal from the backside
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of the silicon die. However, the integrated beam-scanning array
chip with local phase control, centralized frequency locking
and LO distribution, presented in this paper, dissipates nearly

820 mW of DC power. The chip, therefore, needs a reliable
thermal pathway, since heat dissipation through wirebonds and
air is not enough to maintain a stable temperature. The chip is
mounted on a brass board to provide that thermal pathway and
the chip radiates from the top side, as shown in Fig. 19 and
Fig. 26. The substrate is thinned to 70 xm such that the waves
reflected from the backside brass mount interfered almost
coherently with the topside radiation at 0.28 THz. Simulations
showed that the radiation efficiency is not sensitive to the
410 pum tolerances of the thinning procedure. The thinning
of the chip because of thermal issues does not invalidate the
primary point about the effective radiation from electrically
thicker substrate and suppression of the substrate modes. The
array performance is quantified with free-space measurements
and several breakouts of the array are measured as test-struc-
tures separately on wafer.

A. Central VCO and the Buffers

In order to characterize the central frequency reference, a
stand-alone VCO test-structure with differential output buffers
is measured with WR-10 waveguide probes, as shown in Fig. 20.
In the 4x4 array chip, the VCO buffers drive load-pull im-
pedances which are matched from 50 €2 differential impedances
(Fig. 15). However, in the absence of differential probes in the
WR-10 band, one of the output differential lines on each side
of the test chip is terminated onchip with single-ended 502
load. The other single-ended t-line is brought out to a 100 m x
100 pm Al pad, as shown in Fig. 20. The VCO has a cen-
tral frequency of oscillation of 94 GHz and can be tuned from
91.8-96.5 GHz under a supply of 1.1 V. The variation of the
oscillation frequency with varactor voltage and Vg4 is shown
in Fig. 21. The phase noise of the free-running oscillator is
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measured to be —112 dBc/Hz at 10 MHz offset. The core os-
cillator and the buffers together draw 30 mA of current from
Vaa = 1.1 V.

A measurement of interest is the output power delivered by
the oscillator buffers in the array, since it is critical in deter-
mining the locking range of the succeeding frequency dividers.
However, because of the difference in output impedance seen by
the buffers in the test chip and the array chip, the RF power de-
livered by the buffers in the 4 x4 array is estimated from a mea-
surement of output power from the test chip and 3D electromag-

100
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50 60
Phase Control Digital Bit Setting

0 10 20 30 40

Fig. 25. Measured phase-difference between the output of the two
phase-shifters in Fig. 23, as the 6-bit DAC setting for the phase control
voltages of one phase-rotator is varied.

netic simulations of t-line networks in the two chips. Based on
the measured single-ended output power at the pads in the VCO
test chip, the estimated differential RF power at the buffer output
in the array chip is shown in Fig. 22. The output power delivered
by each buffer at 94 GHz is estimated to be 1.2 mW implying
150 W of power would reach each divide-by-two blocks with
a simulated loss of 3 dB in the LO distribution network.
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Fig. 27. Experimental set-up for the absolute power and EIRP measurement at the far-field of the radiating 4x 4 array chip.

B. Quadrature Signal Generation and Phase-Rotation

A test-structure, comprising of the frequency divider gen-
erating the quadrature signals at 47 GHz which drives four
phase-rotators, is measured. Due to the absence of a differen-
tial probe in the WR-10 band, a single-ended W band input
signal is converted into differential mode using an onchip
balun, as shown in Fig. 23. The input matching network of
the divider and the output network of the phase-rotators are
identical to the array chip. The measured sensitivity of the
divider, which is the input power necessary to achieve locking
and frequency division, is shown in Fig. 24, after calibrating
for the loss of the on-chip balun. The divider locking range for
the measured VCO output power extends from 89.5-97.3 GHz.
The range covers the entire 92-96 GHz tuning range of the
VCO for a single tuning voltage of Viy, = 1.0 V for the
divider.

The phase-rotator performance is measured by probing the
outputs of two of the phase rotators with differential SGS
probes, while the other two are terminated onchip, as shown in
Fig. 23. The phase mismatch of the probes and the measurement
equipment on the two sides are calibrated out. To ensure min-
imum sensitivity to offset voltages and transistor mismatches,
the quadrature signals are added with equal weights in one of the
phase rotators such that V,;1 = |VQ... + Vnax/|, while the

control for the other is varied from V0 = [VQ 0 + Viax|
to Ve = |VQ,x — Vx| using the 6 bit DAC setting. The
measured phase-difference between the outputs is shown in
Fig. 25. The measurement shows a full range of 90° of phase
rotation with an initial offset of 5°.

C. Array Measurement

The die photo and the PCB are shown in Fig. 26. The chip mi-
crograph shows the placement of the central VCO along with
LO distribution, frequency dividers, phase-rotators, injection
locking triplers and the frequency doubling DAR cores. The
free-space measurement set up for the 4x 4 array chip is shown
in Fig. 27. The radiated power is captured at a distance of 50
mm, by a WR-3 (220-325 GHz) 25 dB standard gain horn an-
tenna. The absolute power is measured using an Erickson power
meter, which is a calorimeter based power measurement instru-
ment between 75-2000 GHz [33].9 The power captured by the
receiver antenna with a given aperture is proportional to both
the total radiated power from the chip and directivity of the

9The effect of IR radiation was not observed during measurement. We also
confirmed the observation during calibration of the heterodyne downconversion
receiver setup in Fig. 28. The receiver was calibrated at each frequency using a
custom sub-mmWave source and the EIRP of the radiated power was measured
from the output spectrum using the calibrated set-up. The results follow very
closely.
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Fig. 29. Calibrated spectrum of the radiated signal at the broadside captured at a far-field distance of 50 mm. The spectrum shows almost 24 dB of fundamental
signal suppression near 140.4 GHz and a 49.4 dBm EIRP at the second harmonic frequency of 280.8 GHz.

beam. This measure at any given direction, defined as the Ef-
fective Isotropic Radiated Power, is enumerated directly from
the power captured by the receiver antenna connected to the Er-
ickson power meter as shown in Fig. 27. For a receiver antenna
with gain G, and received power P, at a distance R, the trans-

mitted EIRP is given by
4xR\* P,
EIRP (8. ¢) = (”—)

G,

. @
where \ is the free-space wavelength at the measured frequency
and (6, ¢) denotes the measurement direction in elevation and
azimuth. Because of the traveling-wave nature of the surface
currents in the DAR, the radiated fields are expected to be cir-
cularly polarized. This is experimentally verified by rotating the
linearly polarized receiver antenna around its broadside axis.
The power captured varies by less than 0.5 dB over the entire
rotational angle, verifying the nearly circularly polarized nature
of the radiation. When all the DARs are radiating in phase, the
beam has the highest directivity near broadside. Calibrating for
half the power lost due to polarization mismatch, the power cap-
tured at the far-field distance of 50 mm near the broadside direc-
tion is 8 W at 281 GHz, which translates to an EIRP of +9.4
dBm. Near-field effects or standing wave formation can cause
errors in power measurement. The receiver antenna is placed
over a range of far-field distances and the received power fol-
lowed 1/R? closely, and the measured EIRP remained constant.

The frequency of the radiated signal is measured by down
converting the received signal with a harmonic mixer and
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Fig. 30. Variation of measured EIRP at the broadside, as the frequency of the
radiated signal is controlled using the central VCO varactor tuning setting.

then amplified by low noise amplifiers and observed in a
spectrum analyzer. The entire receiver chain is calibrated
between 110-170 GHz and 220-325 GHz using separate
WR-6 and WR-3 sources and the Erickson power meter. The
calibrated spectrum of the radiated signal near the broadside
direction is shown in Fig. 29, for the central oscillator set-
ting of Viyyne = 1 V. The figure illustrates a strong second
harmonic signal at 280.8 GHz with EIRP of +9.4 dBm due
to the efficient radiative behavior of DAR. It also shows the
quasi-optical filtering effect at the frequency of oscillation,
resulting in an estimated 24 dB fundamental power suppression
at 140.4 GHz.10 The frequency of the transmitted signal can be
adjusted between 276-285 GHz, as the central VCO is tuned

10The fundamental suppression is estimated from a simulated value of RF
power at the fundamental frequency injected into the resonator and the antenna
aperture area corresponding to the physical chip dimensions.
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Fig. 31. Radiation pattern measured in the & plane at 281 GHz showing a di-
rectivity of 16 dBi and total electronic beam-steering range of around 80° in the
6 plane.

from 92-95 GHz. Since the frequency doubling happens only
locally at the radiator cores themselves, the EIRP remains fairly
constant and varies by less than 0.5 dB over the entire tuning
range, as shown in Fig. 30.

To demonstrate electronic beam-steering, a progressive
phase-shift between the adjacent radiators is created in each
of the two orthogonal axes. This is achieved using the digital
phase-rotation settings at the lower frequency of 47 GHz, which
is up-converted in phase at the radiated frequency of 281 GHz.
The radiation patterns are measured by rotating the Tx chip in
three dimensional space as shown in Fig. 28. The measured ra-
diation patterns at 281 GHz in azimuth and elevation are shown
in Figs. 31 and 32. The clean array pattern with one major lobe
indicates the effectiveness of surface wave cancellation in the
silicon chip. While the gain of the array could not be measured
because of the self-sustained oscillatory nature of the DAR, the
directivity (shown in dB in Figs. 31 and 32) is enumerated by
integrating the measured 3D profile of the radiation pattern.
The rotational symmetry of the DAR results in a similar sym-
metry along the direction of maximum directivity in both the
orthogonal planes. The maximum directivity is measured to be
approximately 16 dB and the total radiated power is 190 uW
for an EIRP of 9.4 dBm at 281 GHz. Figs. 31 and 32 show an
approximately 80° of beam-scanning control in each of the 2D
axes. To effect a beam tilt of Aa = 40° from the broadside
direction at 281 GHz, the phase shift, A3, between adjacent
radiators, separated by approximately 500 xzm on-chip, is given
by

2.8.
AB = 180° sin(Aa) X % = 108° %)
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Chip performance summary

Transmitter Performance

Frequency of operation 276-285 GHz
Maximum broadside EIRP +9.4dBm
Total radiated power (broadside) 190pwW

EIRP variation with frequency less than 1dB

Beam-steering 80°in in 2D space

Beam-steering resolution limited by DAC res.

Side lobes ratio >10dB

Central time-base VCO tuning range 90.2-98.5 GHz
Power consumption

Central VCO and Buffers@1.1V 30mA

Divide-by-two elements (total of 8) @1.1V 8mA per element

Phase-rotators (total of 16)@1.1V 22mA per element
Triplers (total of 16) @1.1V 4mA per element

Distributed active radiators (total of 16) @0.8V  20mA per element

Fig. 33. Chip performance summary.

This implies a phase-difference of 18° at the sub-harmonic
locking frequency of 47 GHz, which is easily achieved using
the 6 bit control for the phase-shifters. The chip performance
is summarized in Fig. 33.

VIII. CONCLUSIONS

A scalable transmitter architecture for power generation and
beam-steering above f.x using a centralized frequency ref-
erence, sub-harmonic signal distribution, and local phase con-
trol is presented in this paper. We introduce the concept of dis-
tributed active radiation which combines circuits, electromag-
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netics and radiation in a holistic fashion to achieve high effi-
ciency conversion from DC power to radiated terahertz power
above fax of a technology. The design evolution of DAR fol-
lows from an inverse design approach where surface currents
at different harmonics are formulated in the silicon chip for the
desired electromagnetic field profiles. Circuits and passives are
then designed conjointly to synthesize and control the formu-
lated surface currents. The DAR consists of a single active-cou-
pled electromagnetic structure achieving signal generation, fre-
quency multiplication, radiation and filtration of undesired har-
monics simultaneously in a small silicon footprint. In this paper,
based on the DAR, we present a two-dimensional 4 x 4 radiating
array in 45 nm SOI CMOS, which radiates with an EIRP of +9.4
dBm at 0.28 THz and beam-steers in 2D over 80° in azimuth and
elevation. To the best of the authors’ knowledge, this is the first
reported integrated beam-scanning array at THz frequencies in
silicon.
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