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Mutual Synchronization for Power Generation
and Beam-Steering in CMOS With On-Chip
Sense Antennas Near 200 GHz
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Abstract—In this paper, we introduce the concept of near-field
synchronization as an efficient, scalable, and robust method to syn-
chronize a 2-D array of mutually coupled oscillators for beam-
forming at frequencies above f,,.x of a technology. The method
employs an array of on-chip sense antennas to probe electromag-
netic near-fields of the on-chip radiators. These sense antennas
are then coupled to each other appropriately through a network
that establishes the synchronized state as the lowest energy state.
A circuit-electromagnetic co-design methodology is employed to
demonstrate beam-steering near 200 GHz with a synchronized 2
X 2 array. Each element of the array is a traveling-wave oscillator
with the nonlinear active devices selectively radiating its second
harmonic through the same electromagnetic structure. The beam-
pattern can be varied by more than 70° in both azimuth and ele-
vation. The chip is realized in 65-nm bulk CMOS.

Index Terms—Beam-forming, beam-steering, CMOS, mil-
limeter wave, near-field, terahertz, on-chip antenna, power
combining, power generation, substrate modes.

I. INTRODUCTION

IGHER millimeter-wave and terahertz frequencies have

various desirable properties, which can impact an array
of diverse fields such as communication, security, healthcare,
sensing, global environment monitoring, and industrial safety
[1]-[3]. High-frequency Gunn and IMPATT diodes have been
used to generate power in the milliwatt range in this frequency
band [4]-[6]. Further, single chip solutions with III-V-based
monolithic microwave integrated circuits (MMICs) have been
demonstrated at 300 GHz [5]. In recent years, silicon-based
circuit technology has emerged as a low-cost alternative
demonstrating fully integrated systems [7]-[10]. However,
enabling an efficiently radiating terahertz source in CMOS has
been very challenging [11], [12]. In addition to limited fi,ax
and low breakdown voltages of CMOS devices, extracting the
generated power out of the lossy substrate using integrated
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antennas with low surface waves is a non-trivial problem [13],
[14].

One way to overcome the limitations of power generation of
a single device and suppress surface waves simultaneously is to
deploy multiple synchronized power (say, /N) sources in a suit-
ably arranged array configuration [13]. This enables quasi-op-
tical power combining (x V), increased effective-isotropic-ra-
diative power (EIRP) (x N?), and potentially electronic beam-
steering by incorporating individual phase control in each of the
radiating elements.

Multiple techniques to synchronize arrays of mutually cou-
pled oscillators, such as nearest neighbor coupling through
transmission lines (t-lines) and spurious radiation, were pro-
posed and demonstrated at microwave frequencies mostly in
discrete designs [15]-[22]. In [15]-[18], arrays of mutually
coupled oscillators were realized to combine power coherently
in free space. In [21] and [22], a periodic oscillator array
mounted in an open quasi-optical cavity was employed to
emulate an active gain medium, such as in a laser. In recent
years, integrated arrays, synchronized either through mutual
coupling or locked to a central frequency reference, have been
demonstrated to combine power on-chip and quasi-optically
in the 200-400-GHz range to produce broadside radiation
patterns [26]-[29], [32]. Further, electronic beam-scanning
was demonstrated in [30] and [33], by locking multiple ele-
ments to a central frequency reference through sub-harmonic
locking. In this paper, we propose a scalable methodology to
mutually lock a 2-D array of oscillating and radiating power
sources by sensing their near-electromagnetic fields to enable
beam-forming and beam-steering at frequencies near and above
fmax of a technology.

This paper is organized as follows. Section II describes
the detailed electromagnetic theory behind the concept.
Section III presents an analysis of locking bandwidth,
beam-scanning range, and stability. The design and measure-
ment results are presented in Section I'V.

II. NEAR-FIELD SENSING AND ON-CHIP SYNCHRONIZATION
OF LARGE-SCALE ARRAYS

Consider an array of NV self-sustained and radiating oscilla-
tors, which are mutually coupled to their nearest neighbors for
synchronization, as shown in Fig. 1. The key idea behind syn-
chronization is to establish the desired locked condition as the
lowest energy state and the only stable steady state. This en-
sures that when the oscillators start up, the coupling network
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Fig. 1. Near-field synchronization architecture: sets of self-sustained oscillator-cum radiator elements are synchronized by an underlying network of near-field
sensors. The distributed electromagnetic approach enables optimized design and placement of the array elements without the constraints of traditional t-line-based

networks.
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Fig. 2. DAR: traveling-wave oscillator at fo combined with frequency dou-
bling and selective radiation of the second harmonic signal 2 f, in a circularly
polarized fashion.

sustains transient currents, which inject currents back into the
one or more of the coupled oscillators, pulling them into the
synchronized mode. If the signal at a harmonic frequency needs
to be extracted from the array to generate power beyond fi.x,
then the locking network should not load the synchronized os-
cillators either at the fundamental or at any of the desired har-
monic frequencies.

Near-field locking exploits the fact that the information of
phase and frequency of each array element is not just contained
in the dynamics of voltage or current, but also in the electromag-
netic near-fields. The conceptual idea is illustrated in Fig. 1. Let
there be two uncoupled free-running oscillators O; and O, radi-
ating out of the shared substrate. The individual radiated fields
are sensed by two identically placed “sense” antennas L; and
L+ with respect to the sources Oy and O», respectively. Without
any locking mechanism, O; and O» will oscillate at similar fre-
quencies, but at random phases, which is reflected at the sense
antenna terminal voltages V7 (t) and V5(¢), as shown in Fig. 1.
If the sense antennas are now coupled appropriately so that the
most stable steady-state condition is when the terminal voltages
Vi(t) and V,(t) equalize, then it will also force equalization of
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Fig. 3. Limitations in scalability of t-line-based coupling networks required for
coherent synchronization.

the individual near-fields and synchronization of the source os-
cillators. Thereby, the free-running oscillators O; and O5 can be
“wirelessly” locked (Fig. 1). This method of coupling through
radiated fields allows us to decouple the design, optimization,
and placement of each array element from the coupling net-
work. Further, unlike direct sensing of voltages and currents,
this distributed electromagnetic-circuit approach to sensing the
near-fields can result in very different and desirable behaviors
at the fundamental and the harmonic frequencies, as explained
in the following sections. The operation principle of the pro-
posed method will be discussed with traveling-wave oscillators
as the individual array element. However, the proposed concept
of near-field synchronization is general and is applicable to ar-
rays of any form of free-running autonomous radiating sources.

A. T-Line Coupling for Array Synchronization

In this section, we will highlight the limitations of scalability
of nearest neighbor coupling using t-lines. This will be dis-
cussed in the context of locking an array of radiating frequency-
doubling traveling-wave oscillators, which we refer to as the
distributed active radiators (DARs) [33]. As shown in Fig. 2,
the DAR converts dc power into a a radiated signal above fp,.x.
The structure consists of two loops with multiple differential
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Fig. 4. In-phase traveling-wave second harmonic currents rotate about the broadside axis with time, leading to almost zero magnetic flux through the sense antenna
aperture. The sense antenna, therefore, is effectively transparent to the second harmonic radiation.
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Fig. 5. Out-of-phase fundamental frequency currents in the two branches do not cancel their fields in the near-field region, leading to a periodically changing flux
at the fundamental frequency. The sense antenna, therefore, primarily picks up the signal at the fundamental frequency.

cross-coupled transistors that sustain a traveling-wave oscilla-
tion at a fundamental frequency fy where the loop phase is 180°.
As can be seen in Fig. 2, the currents at fy are out-of-phase,
which quasi-optically suppresses radiation at the fundamental
frequency. However, the second-harmonic currents above fiax,
generated by transistor nonlinearities, flow in phase and radiate
out selectively through the aperture and the substrate (Fig. 2).
It can be noted that both the fundamental and second harmonic
signals on the loops are traveling waves. Therefore, the radiated
electromagnetic fields in space (E and H ) are circularly polar-
ized and rotates about the vertical axis with time (Fig. 2).

If two of these traveling-wave oscillators need to be syn-
chronized for quasi-optical power combination, then all the cor-
responding cross-coupled pairs should oscillate in phase. As
shown in Fig. 3, this can be achieved using two judiciously
placed t-line-based networks [25]. For larger arrays, a set of 2
x 1 arrays can be used as a single element and the same prin-
ciple may be used in an iterative way, as shown in Fig. 3.

Evidently, scaling to large 2-D arrays using such complex
interconnected network of t-lines becomes prohibitively diffi-
cult. In order to accommodate such networks, the radiator cores
are often sub-optimally placed, which can lead to poor radia-
tion pattern and lower efficiency due to the inability to suppress
substrate modes [13]. Synchronizing with distributed electro-
magnetic-field sensors allows us to decouple these multiple con-
straints.

B. On-Chip Near-Field Sensing

Figs. 4 and 5 show the layout of the DAR radiator core and
the sense antenna located in its near-field region. Since the sense
antenna can pick up the different harmonic frequencies, it is im-
portant to understand how its presence can affect the near- and

far-field radiation patterns, and how different harmonics con-
tribute to the locking mechanism. As explained in Section II-A,
the DARs predominantly radiate the 2 fy component and radia-
tion at the fundamental frequency (fy) is mostly suppressed by
the out-of-phase currents in the two concentric loops. However,
the sense antenna primarily picks up the near-fields at f;,, while
almost not affecting the desired 2 f; radiation patterns.

This is explained in Figs. 4 and 5. The second-harmonic
voltage Vay, (¢) at the terminal of the sense antenna is related
to the rate of change of magnetic flux ®,,(¢) generated by
the traveling-wave structure and coupled to the sense antenna.
Therefore, Vay, () = (dPay, (t))/(dL).

As illustrated in Fig. 4, 2 f currents form in-phase traveling
waves over the concentric loops of the DAR, which are one
wavelength long. Therefore, with time, the 2 fy current configu-
ration and the associated magnetic fields essentially rotate about
the broadside axis, as shown in Fig. 4. Hence, by rotational sym-
metry, the 2 f; magnetic flux linkage to the sense antenna re-
mains almost constant (almost zero) with time. Therefore, we
have

D4, (1) = 0 (1a)
Vay, (t) 0. (1b)

As a result, the voltage picked up at the sense antenna terminal
(Vay, (1)) is negligible, even when a second harmonic traveling
wave of amplitude 1 V exists on the traveling-wave loops at
2 fo = 200 GHz.! Of course, the presence of the sense antenna
leads to local scattering of the near-fields, which can lead to

1In reality, the 2 f, wave amplitude on the DAR will be much less than 1V,
and therefore, the sense antenna 2 f; voltage will be even less. The structure is
simulated in Ansys HFSS, a 3-D electromagnetic simulation tool that uses the
finite-element method.
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Fig. 6. Second harmonic radiation pattern of a single traveling-wave radiating
structure in the presence and absence of the sense antenna. The sense antenna
is terminated with the boundary conditions of a synchronized state.
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Fig. 7. Impressed current at fundamental frequency ( fo) on the sense antenna
at steady state is much smaller compared to the fundamental signal on the trav-
eling-wave oscillator loops. The far-field cancelation is still effective at fo with
only 0.2% radiation efficiency and —26-dB radiation gain. The simulations were
performed in the 3-D finite-element electromagnetic simulator Ansys HFSS.

a small, but observable V5o (t) at the sense antenna terminal
(Fig. 4) due to its own self-inductance. Therefore, the oscillator
and sense-antenna pair needs to be co-optimized to reduce the
second harmonic pick-up. The small 2f, current impressed on
the sense antenna can, however, lead to ohmic loss. The radia-
tion efficiency of a single DAR reduces from 63% to 53% and
the corresponding gain from 2.45 to 1.75 dB, as shown in Fig. 6.
However, as shown in the same figure, the radiation pattern of
a single radiating element is almost unchanged in the presence
of the sense antenna under the locked condition.

The current distribution at the fundamental frequency (fy) in
a DAR does not possess the rotational symmetry of its second
harmonic. As is evident from Fig. 5, the out-of-phase currents
in the two branches cancel their radiation only in the far-field.
In the near-field region, the strength of the magnetic fields con-
tributed by the two branches are significantly different. This re-
sults in a periodically changing magnetic flux (® ¢o) at fo = 100
GHz through the sense antenna aperture, and consequently, a
significant pick-up is registered at the sense antenna terminal
(Fig. 5). Further, the presence of the sense antenna does not sig-
nificantly affect the far-field cancelation of the f, signal. As il-
lustrated in the electromagnetic simulation results in Fig. 7, the
DAR remains a very inefficient radiator at f; in the presence of
the sense antenna with an efficiency of 0.2%.
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Fig. 8. Coupling network between the sense antenna terminals to synchronize
neighboring DARs. The network ensures that no power is dissipated when the
sources are synchronized, making it the lowest energy state.

It should be noted that near-field synchronization is inher-
ently different from a lumped transformer coupling network.
The dimension of the sense antenna is comparable to the wave-
length at the frequency of operation, resulting in very different
behaviors at the fundamental and harmonic frequencies, un-
like a lumped transformer. In summary, in this method of near-
field sensing, the radiated harmonic pattern remains almost un-
affected by the presence of the sense network, while a small
fraction of the fundamental power is sensed during the transient
phase of locking. Once the system is locked, very little power
gets wasted in the coupling network.

C. Near-Field Synchronization for Power Combining
and Beam-Scanning

Fig. 8 shows the near-field coupling network to synchronize
two neighboring DARs. It can be seen that in the synchronized
state, the terminal voltages of the sense antennas equalize and
no steady-state current flows through the resistors. Therefore,
no power gets dissipated in the coupling network. This estab-
lishes the locked state as the lowest energy state. Any perturba-
tion from this state causes transient currents injected back into
the traveling-wave oscillators, pulling them into the mutually
synchronized mode.

The locking range is maximized by appropriately choosing
the resistor that maximizes power dissipation in the network if
the corresponding oscillators were out of phase. Fig. 9 shows the
optimal value for coupling the DARs implemented in this paper
for simulated fundamental frequency of oscillation of f; =
110 GHz.2

The near-field locking method can be scaled to large-scale
2-D arrays of coherent radiating sources. As shown in Fig. 10,
for the 2 x 2 array, two sets of synchronized 2 x 1 arrays are
locked together with another set of sense antennas and the
method can be extended for larger arrays. Unlike the radiative
coupling method with spurious fields in [19], the placement
of the radiator cores is no longer constrained by the locking
network. Therefore, the power sources, their placements, radi-
ation patterns, and beam-scanning range can be independently
optimized, while a background mesh of coupled sense antennas
ensures synchronization.

By incorporating phase control on the radiated signal from
each element, the array can achieve electronic beam-scanning

2t can be shown that there exists two current configurations on the two loops,
with wave travel in opposite directions, which can result in the same sense an-
tenna voltage. However, the false locking states in the above two cases are un-
stable. The details are discussed in Appendix A. In practical implementation in
a silicon die, any form of residual coupling through the substrate or otherwise
is enough to suppress this undesired locking state and this is verified in simula-
tions and experiments.
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Fig. 10. Two sets of synchronized 2 x 1 arrays locked together with two more
sense antennas to form a 2 x 2 array of traveling-wave radiators. The frequency
tuning using varactor enables beam-steering through the synchronization net-
work.

in 2-D space at frequencies above fax. The method to intro-
duce phase control in an array of coupled oscillators by con-
trolling the tuning frequency of the end elements was shown in
[16]-[18]. We use a similar method, where we control the free-
running oscillation frequency of each element in the array with
varactors distributed along the resonator, as shown in Fig. 10. It
should be noted that since the second harmonic is the dominant
radiated signal, a phase difference of ¢ at the fundamental fre-
quency ( fo) translates to a phase difference of 2¢ at the radiated
second harmonic frequency (2fp).

III. LOCKING BANDWIDTH AND STEADY-STATE ANALYSIS

This section presents an analysis of the achievable locking
and beam-scanning range. In a coupled system (Fig. 8), mul-
tiple cross-coupled pairs distributed in one DAR interacts with
the other pairs in the neighboring DAR with different ampli-
tudes and delays. Therefore, it is not possible to apply directly
the arguments and results derived for a nearest neighbor cou-
pling system in [16]-[18]. A general nonlinear dynamical de-
scription of such a multi-order system is also very complex. We
will introduce arguments about rotational symmetry to simplify
the analysis.

A. Analysis Approach: Dimension Reduction of Problem by
Exploiting Symmetry

A negative-g,, cell in a synchronized DAR is modeled as
an oscillator with nonlinear transconductance (f(v) = ajv —
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Injection locking in a self-sustained oscillator and its nonlinear mod-

a3v*) under injection 4in;(t), as shown in Fig. 11. The system is
governed by second-order dynamics due to the LC tank and by
applying Kirchoff’s current law (KCL) in Fig. 11, we can derive
the state equations as

) dv .
’LL+C% +ZR

= f(v) + iinj )
1 d%v 1 oy dv din;
—5 ==+ (1~ gmR + 3a3Rv*) — +v— L=
wfdt2+th( gt Bas %) 3 v - Lo

=0 (3)

where w; = 1/v/LC is the resonant frequency of the tank with
quality factor @ = R/(w.L).

In general, the injected current ij,; into a transistor pair in
a DAR is the result of the combined pulling effect of other
cross-coupled pairs in the neighboring DAR with different de-
lays. However, due to the rotational symmetry of the two struc-
tures, the delay between each corresponding pair in the two
DARs is identical. This implies every cross-coupled pair will
experience the same pulling current |4;,;| proportional to the dif-
ference between the voltages of the corresponding pair. There-
fore, the entire dynamics of nonlinear synchronization is cap-
tured by analysis of any two corresponding cross-coupled pairs.

B. Steady-State Analysis: Beam-Scanning and Locking Range

Let v; = Acos(wgt) and va = Acos(wgt + ¢) be the
steady-state voltages of two corresponding cross-coupled pairs
in two coupled DARSs with slightly different resonance frequen-
cies w; 1 and wy 2. The injected current ¢;,; in the cross-cou-
pled pair in DAR 1, as argued before, can be represented as
tinj,1 = €(va — v1) = eA(cos(wot + ¢) — cos(wot)). Putting
these values in (3) for the two DARs and simplifying, we obtain

2
wo = \/—wt.1wt,2 (4)

2 2
\/ Wi T Win

2 2
1 Wi —wiy Aw,

sin(¢) = % (5)

eLwyw?, +w?,  Cuwy

where Aw; = wy 2 — wy,1 and C' = e Lwy denotes the coupling
strength. As expected, the induced phase difference ¢ decreases
for higher coupling strength C. Since | sin{¢)| < 1, the locking
bandwidth can be expressed as

AWlocking - Cw0~ (6)
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It can be seen that the locking bandwidth is independent of
the quality factors of the two resonators as long as the oscillators
are operating in the current-limited regime. This is simply due to
the fact that locking bandwidth Awjgcking = (finjwo)/(2i0sc@)
varies inversely as ) and the injection current 4;,; = g(vs — 1)
also increases proportionately with @ in the current-limited re-
gion. For the DAR implemented in this paper, the simulated in-
jected current when the coupled DARs are completely out of
phase is 4in; ~ 750 pA, Under this condition, |[vs — v1| =
1 V implying € ~ 750 uS. The simulated resonator parame-
ters are Lwy ~ 50 €2 and @ ~ 6, which results in the coupling
coefficient to be €' ~ 3.5%. The locking bandwidth from (6)
is then estimated to be approximately 4 GHz for a fundamental
frequency of 110 GHz. The analysis of the stability of the syn-
chronized state is presented in the Appendices A and B.

IV. DESIGN, IMPLEMENTATION, AND MEASUREMENT RESULTS

A 2 x 2 array of mutually coupled DARs with a near-field
synchronization network is designed in a 65-nm bulk CMOS
process with fi,.x ~ 160 GHz. The fundamental frequency of
oscillation fy is chosen to be 110 GHz, which implies that the
desired radiated signal is at 2 f; = 220 GHz. Each cross-cou-
pled pair consists of NMOS transistors of W/L = 12 pm/65 nm
biased at 6 mA under 0.8 V. The resonator/antenna is realized on
a 3.2-pm-thick top copper metal layer with four cross-coupled
pairs distributed along the circumference to sustain the trav-
eling-wave oscillation at fo = 110 GHz [37].3 The sense an-
tennas, as shown in Fig. 10, are realized on an upper and lower
metal layer. The ground aperture is designed to have a radius
of 95 pum for the maximum second harmonic power genera-
tion and radiation [33]. The die photograph is shown in Fig. 12.
Near-field sense and coupling networks are used for mutual syn-
chronization in the array. The bulk substrate is 250 pm with
10-€2 - cm resistivity. The substrate is not thinned and no silicon
lens is used for surface wave correction.

The near-field sensing method allows us to optimally place
the radiator cores unconstrained by the coupling network. The
DARs are separated by nearly 600 pm, which approximately
corresponds to the optimal spacing for the dominant surface
mode at 220 GHz to partially cancel. Each DAR is biased by

3The process supported circular inductors, which were modified into DARs.
However, they can also be realized with octagonal resonators [25].
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Fig. 13. Calibrated setup to measure frequency, EIRP, and radiation patterns of
the second harmonic frequency near 200 GHz.

a network of t-lines in a grounded tub-shield, which provides
open circuit impedances at both the frequency of oscillation f;
as well as the desired radiation frequency of 2 fy [34].

The second harmonic signal radiated from the back of the
substrate is captured with a WR-5 (140-220 GHz) 25-dB gain
rectangular horn antenna, as shown in Fig. 13. The signal is then
downconverted using a harmonic mixer, amplified by low-noise
amplifiers, and then analyzed in a spectrum analyzer. The entire
receiver chain is calibrated using a WR-5 source and Erickson
power meter, which is a calorimeter-based power measurement
instrument between 75-2000 GHz.

The effective isotropic radiated power (EIRP) in any given
direction is measured directly from the power captured by the
WR-5 receiver antenna at a far-field distance. The total radiated
power, and hence, the directivity, is measured from the mea-
sured radiation pattern in space. It should be noted that, unlike
passive antenna systems, we can only measure the directivity
and not separately the gain of the radiating structure since the
radiating second harmonic signals are generated internally in the
DARs. The measured pattern gives us a measure of directivity.

Each DAR in the array has distributed varactor tuning to con-
trol resonance frequencies and phase of individual array element
for the purpose of beam-steering. For nominal setting, the spec-
trum under locked condition is shown in Fig. 14. The signal is
detected ata frequency of 191.2 GHz atameasured EIRP of —1.9
dBm. The polarization of the signal is measured by rotating the
receiver antenna and the received power remains almost constant,
which illustrates that the radiated signal is nearly circularly po-
larized. The EIRP measurement is validated by measuring it over
a range of far-field distances (R) from 20 to 60 mm. Within the
locking range, the varactor tuning introduces phase shifts in one
or more of the radiators, which can be used for beam-scanning.
When the coupled elements go outside the locking range, the
spectrum splits, as also shown in Fig. 14.

Fig. 15 shows the measured radiation patterns. The patterns
are rotationally symmetric due to the nature of the circularly po-
larized radiation from the symmetric 2 x 2 array. Beam-scan-
ning is demonstrated over two orthogonal planes by changing
the varactor voltages of two adjacent DARs. The total elec-
tronic beam-scanning range is observed to be more than 70° in
each of the two orthogonal axes. As shown in Section III, the
steady-state phase difference (¢ f07max) between adjacent ele-
ments approaches 90° at the edge of the locking bandwidth. In
practice, due to mismatches and loading effects of the bias net-
work, the locking bandwidth is expected to decrease. Assuming
0 max ~= 45° ((pgf() = 90°), we expect a total beam-scanning
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Fig. 14. Measured far-field spectrum of the radiated signal from the 2 X 2 array
(locked condition: upper figure, unlocked condition: lower figure).
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Fig. 15. Electronic beam-scanning near 190 GHz showing more than 70° vari-
ation in each of the two orthogonal axes.

range of 2sin ' (AMAdgay, /(21ds)) 2 82° for on-chip separa-
tion of ds = 600 pm. This is close to measurement results in
Fig. 15. The frontside radiation pattern is also measured in the
two orthogonal planes for nominal tuning, as shown in Fig. 16.
The power radiated from the front side resulted in a total radi-
ated power of 90 W, and a lower directivity of 8.5 dBi, com-
pared to that reported in [34].

Fig. 17 shows the variation of the locked second harmonic fre-
quency with control voltage. The measured locking bandwidth
of 2 GHz at fj is less than the estimated value in the analysis
in Section III, possibly due to overestimation of the coupling
strength. EIRP, measured from the backside of the chip over the
beam-scanning range of over 70°, shows a fairly flat response
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The figure also shows the effective suppression of the undesired fundamental
power by the DAR.

for a total variation of less than 1.6 dB, as shown in Fig. 18. The
3—4-dB difference between the simulated and measured EIRP,
which is often observed at such high frequencies, could be the
result ofacombination of multiple factors such as lower harmonic
generation near 200 GHz due to modeling inaccuracies in the
circuit domain or due to lower radiation efficiency because of to
higher substrate losses in the antenna domain.

The DAR relies on the closely spaced out-of-phase currents to
suppress radiation at the fundamental frequency. The measured
spectrum of the fundamental and the second harmonic power is
shown in Fig. 19. The spectrum at the fundamental frequency is
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TABLE 1
SUMMARY OF SUB-MILLIMETER-WAVE RADIATING SOURCES

Frequency Locking Antenna Number of Beam-Scanning EIRP DC Power Silicon
(GHz) lechani Elements (dBm) (mW) Technology
[24] 288 Single element (triple-push) Diff. Ring with ext. lens 1 - - 280 65-n m bulk CMOS
[26] 260 Central frequency Leaky-wave 4 - 5 690 65-nm bulk CMOS
is distributed and quadrupled
[27] 210 Fundamental frequency Dipole 4 - 5.13 240 32-nm SOI CMOS
is distributed and radiated
[28] 260 Mutually coupled Slot with ext. lens 8 - 15.7 800 65-nm bulk CMOS
through t-lines and doubled
[29] 170 Active doubler array Slot with quartz superstrate 4 - 5 267 45-nm SOI CMOS
[30] 275-285 Central frequency Traveling-wave 16 ~ 80° (2D) 9.4 810 45-nm SOI CMOS
reference locks arrays of DARs
through t-lines
[31] 161 Multi-phase oscillators Traveling-wave 1 - 4.6 388 130 nm SiGe
driving multiple ports
[32] 420 Active quadrupler array Slot with quartz superstrate 8 - 3 700 45 nm SOI CMOS
[38] 338 Mutual coupling Patch 16 ~45-50° 17.1 1540 65nm bulk CMOS
with t-lines
[39] 620 Coupled resonant Slot with offset 2 No -2.1 (Rad Power) - GalnAs/AlAs
tunneling diode osc. feed
This work 191 Near-field synch. Traveling-wave radiat 4 =~ 70° (2D) -1 77 65 nm bulk CMOS

adjusted for the same receiver antenna aperture for a fair com-
parison of the radiation power density. The desired 2f, radia-
tion power density at 191 GHz is shown to be 11 dB higher than
that of the fundamental frequency at 95.5 GHz. The quasi-op-
tical filtering suppresses the first harmonic by at least 22 dB in-
ternally in each DAR. The performance summary of sub-mil-
limeter radiating sources, primarily in silicon, is presented in
Table 1. As can be seen, this work was the first demonstra-
tion of electronic-beam scanning in silicon at these frequencies
and presents a scalable and robust method for synchronizing
large-scale arrays in integrated technology.

V. CONCLUSION

Inthis paper, near-field synchronization has been introduced as
an efficient scalable robust method for beam-forming and beam-
steering in large-scale arrays of radiating power sources in sil-
icon at frequencies above fiax 0f a technology. We demonstrate
the proof-of-concept in an integrated 2 x 2 CMOS array to show
quasi-optical power combination and beam-steering near 200
GHz over 70° in both azimuth and elevation. The chip is realized
in65-nmbulk CMOS and occupies | mm x 1.1 mminsize.

APPENDIX A
ON THE POSSIBILITY OF FALSE LOCKING

It is possible that two current configurations in a DAR result
in the same sense antenna voltage, and therefore, can lead to
false locking. However, it is seen that in integrated implemen-
tation, spurious substrate mode coupling is enough to suppress
this undesired locking state. This is verified in simulations and
experiments.

This is illustrated in Fig. 20. If we fix the direction of the
traveling wave and the phase at any point on the DAR, then the
current configuration for any other point on the DAR is fixed.
If the phase of the oscillation is varied through 360°, it will be
reflected uniquely in the sense antenna voltage. This will also be
true if we reverse the wave direction. This implies that, for two

Diregtion of
travel

Diraction of
travel

Vi
t=t+T/4
Same Magnetic Same Magnetic
Flux Flux

Direction of
travel

Birection of
wave travel

=l

\Z

t=t+T/4
V,(t)=V,(t) for all t

Fig. 20. Possibility of false locking and uniqueness of the sense antenna
voltage as a measurement of the DAR state.

DARs, the sustaining wave travels in opposite directions, and
there exist a state that results in the same sense antenna voltage.
This is shown in Fig. 20, where the magnetic flux remains the
same with time for the two states. If observed carefully, it can
be seen that at all times, the current elements in one DAR are
the rotational transformation of the elements in the other DAR,
which results in the same magnetic flux. However, as discussed
before, in practical realization, any form of coupling through
substrate or otherwise, renders this state existing in two coupled
DARs unstable.

APPENDIX B
STABILITY ANALYSIS OF DISTRIBUTED
NEAR-FIELD SYNCHRONIZATION

The stability analysis of the locked stated is based on the Stro-
boscopic concept [36]. While the detailed proof is beyond the
scope of this paper [23], we highlight the key points. We assume
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a locked frequency of wy and observe the dynamics of the am-
plitudes and phases of the two coupled oscillators once every
time period T' = 27 /wg. Thereby, we observe a discrete set of
points in the amplitude and phase space (7"1,T, b1y T2, P2,1)
evolving with time. These become the state variables and we
analyze the stability of the steady-state solutions in this new
formed phase space [36]. If the coupled system reaches a stable-
steady oscillatory state with common frequency wy, the ampli-
tude and phase observed every time period 7' will remain the
same, and any perturbation will bring back the system into this
steady-state solution in the new phase space.

By transforming the second-order system in (3) into two first-
order equations in the state space variables r and ¢, where v = r
cos(¢) and (dv)/(dt) = wqrsin(¢) and integrating over one
time period T', we obtain the state differential equations in the
discrete time space as

drir w1 3 5.5
= — —= 1— —
dtr 20 1T < gm R+ 4a3Rr17T
Cuw
+ TO(T2 rcos(par — b)) —rir)  (7a)
dorr _ Aw, | Cworar G
— = — 7b
dtr 5 + 3 T1T (a1 — d1.7) (7b)
er,T Wt 3 .
W — 7@7’2 T (]. — ng + ZO[%R'I'éT)
Cw
+ TO("“I rcos(oar — dr1) —rar)  (7¢)
doar  Aw CworlT.
dtT N 2 + Q D] T (¢1 T ¢2 T) (7d)

From (7a)— (7d) we obtain the steady-state amplitude
as r‘fT A rQT = /4(gmR —1)/(302R) and phase as
sin(¢? . — &9 T) = Aw;/(Cwy). We obtained the same
results in the steady-state analysis in (5). The stability of this
steady-state solution can be investigated by linearizing the
dynamical equations (7a)—(7d) around the equilibrium point.
The state-space matrix A is given by

,B 7748_' A;t ~ ’l“% A(Qx}t
Aw; Awy
A 27‘,% - - 27“% (8)
= 0A 0
vyt =B Sy
Aw _ Aw
2'rTUt Y Zr t -
where the steady-state value 1y = i, =~ 1, =
0o _ 0
VAgmR—1)/(3a3R), A¢y =  Alp — Agyp,

Bom (w)/(@Q(gmR — 1) + (Cw)/(2), and v =
(Cwn)/(2) cos(AdS).

It is trivial to prove that the determinant of the matrix A is 0,
which implies one eigenvalue A; = 0. It can be shown that the
other eigenvalues are Ay = —2v < 0, A3 = —(v+ ) < 0, and
As = —(B — ) < 0. Solving for the eigenvectors, it is easy to
show that any perturbation in state space variables dies down as

(9a)
(9b)

oy p/éror = Cre?2t 4 Chet + Cgett
8(1,r — pa1) = Cae™?' + Cge™t
where Az, Az, Ay < 0. Since the initial phase is arbitrary, we

only consider perturbation in the difference of the phase vari-
ables of the two DARSs (i.e., §{¢p1 7 — #2,7)), which is shown to
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exponentially decay to zero. This implies, that the steady-state
solution that exists within the locking range is stable. The anal-
ysis can be extended to larger arrays of mutually coupled trav-
eling-wave oscillators where the derived stability conclusions
still hold.
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