1150

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 3, MARCH 2013

A High-Power Broadband Passive Terahertz
Frequency Doubler in CMOS
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Abstract—To realize a high-efficiency terahertz signal source,
a varactor-based frequency-doubler topology is proposed. The
structure is based on a compact partially coupled ring that si-
multaneously achieves isolation, matching, and harmonic filtering
for both input and output signals at f; and 2 f;. The optimum
varactor pumping/loading conditions for the highest conversion
efficiency are also presented analytically along with intuitive
circuit representations. Using the proposed circuit, a passive
480-GHz frequency doubler with a measured minimum conver-
sion loss of 14.3 dB and an unsaturated output power of 0.23 mW
is reported. Within 20-GHz range, the fluctuation of the measured
output power is less than 1.5 dB, and the simulated 3-dB output
bandwidth is 70 GHz (14.6%). The doubler is fabricated using
65-nm low-power bulk CMOS technology and consumes near zero
dc power.

Index Terms—CMOS, conversion efficiency, frequency doubler,
passive, ring structure, signal source, terahertz, varactor.

I. INTRODUCTION

ERAHERTZ frequency range (300 GHz~ 3 THz) is very

attractive for numerous applications in security, biomed-
ical imaging, spectroscopy, and high-speed data transmission
[1]-[7]. In particular, signal generation at milliwatt level using
CMOS circuits is critical for affordable, lightweight, and highly
integrated terahertz systems. Unfortunately, we are limited by
the cutoff frequency, fuax, of the transistors, which is only
about 200 GHz (with device interconnects) even in advanced
CMOS technology nodes [8]. This poses a theoretical constraint
beyond which fundamental oscillation and power amplification
cannot be performed [9]. Meanwhile, because of the lossy
silicon substrate, low metal thickness, and close proximity
between top and bottom metal layers, it is hard to build high
quality-factor passive structures and high-impedance transmis-
sion lines [10]. Finally, with the ever-decreasing breakdown
voltage of the devices in deep-submicron CMOS technologies,
voltage swing (thus, output power) of terahertz circuits is se-
verely limited. All these issues make the high-power generation
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in the terahertz range from CMOS circuits very challenging.
Thus, high-power signal sources are traditionally fabricated
using compound semiconductor processes (e.g., GaAs and InP)
[11]-[15].

Consequently, utilizing harmonics is probably the only so-
lution to generate signals at terahertz range in CMOS. Gener-
ally, there are two approaches to achieve this task, which are:
1) harmonic extraction from an oscillator and 2) low-frequency
source cascaded with a frequency multiplier chain. While it is
a subject of debate which method generates higher power, the
former is normally more compact and power efficient as fun-
damental oscillation and harmonic generation occur simultane-
ously. In [16], the output power of —7.9 dBm at 482 GHz is
reported in an oscillator utilizing the optimum oscillation con-
dition of the two-port network. In [17], —7.2 dBm at 280 GHz is
demonstrated in a 16-element distributed active radiator (DAR)
array. In [18] and [19], power of —1.2 dBm at 290 GHz is gen-
erated from four unidirectionally coupled oscillators. On the
other hand, as the fundamental oscillation frequency approaches
fmax, the parasitic capacitance of the switching transistors be-
comes a dominant portion in the resonance tank, giving very
little room for the frequency tuning, which is required in ap-
plications like spectroscopy [20]. The largest achieved tuning
range in terahertz harmonic oscillators is only 4.5% [18], [19].
Alternatively, we can use a lower frequency source to feed a
multiplier chain to achieve broader tuning range. However, all
the previously reported CMOS frequency multipliers near or at
terahertz range are based on active components (e.g., transis-
tors) so they consume a considerable amount of dc power [8].
Moreover, the highest output frequency of the state-of-the-art
CMOS multipliers is only 275 GHz [21], [22], and the conver-
sion loss could rapidly increase if the operation frequency goes
up.
To build high-power terahertz sources, the goal of this
work is to exploit the method of multiplier chain with the
focus of the design of a terahertz frequency doubler [24].
To eliminate the problem of high power consumption in the
existing CMOS multipliers, the proposed doubler is purely
passive and exploits MOS varactors to generate nonlinearity.
Meanwhile, the doubler is optimized in terms of conversion
efficiency, output power, and bandwidth. To achieve this, in
Section II, a novel and effective ring structure for a terahertz
doubler is proposed. In Section III, a method to find the op-
timum matching conditions of MOS varactors for the highest
conversion efficiency is presented. Based on these techniques,
a 480-GHz frequency doubler is discussed and simulated in
Section IV. After the experimental results in Section V, we
summarize this paper in Section VI with a performance com-
parison with the state-of-the-art.
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II. TERAHERTZ FREQUENCY DOUBLER: RING STRUCTURE

There are at least three major requirements to achieve the
highest conversion efficiency in a varactor-based frequency
doubler.

1) The maximum amount of power at the input frequency
fo needs to be injected into the varactors from the input
source. At the same time, all the generated power at 2 f;
should be extracted out of the varactors and delivered to
the load. This requires the rest of the doubler structures
to achieve simultaneous power matching from input to the
varactors at fy and from the varactors to output at 2 f.

2) The doubler structure should prevent power leakage from
input signals (fo) to the output and from the generated
signal (2 fy) to the input; thus, effective isolation is needed
at both sides of the doubler.

3) Since the metal structures in CMOS are lossy at the tera-
hertz range, the doubler should remain as compact as pos-
sible. Normally, with fewer resonators, a compact structure
also enhances the operation bandwidth.

Unfortunately, implementation of all these requirements in a
single design is challenging. For example, a compact structure
has very few parameters that can be tweaked; meanwhile signals
at both fy and 2 fy would inevitably coexist in most parts of the
structure so that optimizing one merit at one frequency would
normally lead significant deviation of other merits from their
optima. Namely, the degree of freedom in design is severely
constrained.

To solve this problem, we propose a doubler topology based
on a ring structure, as shown in Fig. 1(a). This ring is axial sym-
metric, and is based on grounded coplanar-waveguide transmis-
sion lines (GCPW TLs) [10]. Part of the left half of the ring,
TLy, is magnetically coupled to the input. The output is located
at the central node of the right half of the ring. A pair of MOS
varactors, Cyar1 and Cl,p2, are connected to the ends of two
transmission-line branches, TL2. Next, to understand the oper-
ation principle of this ring structure, the signal flows at f, and
2 fy are described in detail.

A. Signal Flow at Input Fundamental-Frequency fq

The signal flow at fy is illustrated in Fig. 1(b). The input
signal creates a magnetic field circling around the coupled lines,
TLyg, and induces differential currents rotating inside the ring.
As the induced signals travel through the two branches, TLo,
they are then absorbed by the varactors and up-converted to 2 fy.
Some portion of the signals would continue traveling along the
ring until it reaches the output node. Since the signals from the
top and bottom of the ring are out of phase at this point, the
output node behaves as a virtual ground at fj, and reflects these
signals back, resulting in standing waves in TL3. The combi-
nation of TL4, TL,, and TL3 achieves conjugate matching to
the varactors, as will be discussed in detail in Section IV. This
way, most of the input power can be differentially injected into
the varactors from the input port with very little leakage to the
output port.

B. Signal Flow at Output Second-Order Harmonic 2 f,

For the signals at 2 fy, the varactor pair functions as a power
source [shown in Fig. 1(c)]. After the first-order self-mixing of
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Fig. 1. (a) Proposed partially coupled ring structure for varactor-based tera-
hertz frequency doublers. (b) Signal flow at fundamental frequency. (c) Signal
flow at second harmonic.

the injected differential signals at fy, both the frequency and
phase of the signals are doubled by the nonlinear capacitors.
Therefore, the signals at 2 f, coming out of the two branches
are in phase, and after traveling along TL3, they are combined
constructively at the output node on the right. Part of the signal
also flows into the coupled lines through TL, but the magnetic
fields they created are out-of-phase so that no current is induced
at the input feed line. The only leakage mechanism for signals at
2 fo is through the inter-line parasitic capacitance of TLg, which
is designed to be small (to be shown in Section IV). This way,
the left half of the ring presents large impedance to the signals at
2 fo so that the output pad extracts most of the generated power
at 2fy.

It can be seen from the above explanation that by guiding
the signals at fy and 2 fy in different modes, paths, and direc-
tions, more design flexibilities are introduced. For example, the
signal at fq is more sensitive to the left half of the ring, while
the signal at 2 f; is more sensitive to the right half. Therefore,
we can optimize the two halves of the ring independently for
matchings at two frequencies. It can also be seen that the pro-
posed ring structure, although compact, effectively enables the
isolation of signals at fy and 2fy. Such isolation is normally
difficult for varactor-based doublers because the varactor is a
one-port device. Conventionally, in GaAs doublers, the isola-
tion for the diode varactors is achieved using the electromag-
netic (EM) mode orthogonality between the input TE;q bal-
anced wave and the output TEM unbalanced wave [25]. This
method, however, is not practical for CMOS doubler design be-
cause hollow-conductor waveguides can not be fabricated on
chip, and the TE;y mode is not supported by the transmission
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Fig. 2. Optimum matching scenarios of a general varactor-based doubler.

lines in CMOS. In contrast to varactors, isolation for a tran-
sistor-based doubler is easier because the transistor is a two-port
device, of which the small inverse gain (S12) can naturally iso-
late the generated second-harmonic signals from the input. Also,
to prevent signal leakage, quarter/half-wave reflectors at input
and output are commonly used [8], [23], [26], [27], which in-
evitably increases loss and reduces bandwidth. The proposed
ring structure, however, eliminates the need for such reflectors.

The dc bias voltage of the varactors are applied externally
through the output pad of the doubler ring, as is shown in
Fig. 1(a). Resistors i1 and R, are in shunt with the varactors
to prevent gate—oxide breakdown by the accumulated charge
during metal deposition. Their resistance is designed to be large
so that both the RF loss introduced to the doubler and the dc
power are negligible.

III. OPTIMUM MATCHING CONDITIONS

In any varactor-based doubler, what the passive metal struc-
ture ultimately presents to the varactor can be summarized into
simply two parameters: the fundamental source impedance,
7., and the second-harmonic load impedance, Z; 3¢, (shown
in Fig. 2). These impedances fully determine how efficient
the varactor can convert the injected power at f; into the
output power at 2 fj; therefore, it is very important to find the
optimum values for Z, 7, and Z; 24,. For the most efficient
power injection and extraction, the values of Z, 7, and Z; 24,
should be the complex conjugates of Zyar 5, and Zyar 2,
the varactor impedance at f; and 2 fj, respectively. It is note-
worthy, however, that due to nonlinearity and large-signal
stimulus, Zyar ¢, and Zya, 25, can be quite different from the
small-signal Ry — C, impedances of the varactor, where K,
and C)y are the series resistance and average capacitance of the
varactor. For example, to inject power at f; into the varactor
for frequency conversion, if we use small-signal matching, we
incorrectly deliver maximum power into R, which represents
varactor loss rather than any nonlinear doubling process. Thus,
in this section, we will analyze the implication of the nonlinear
frequency-doubling process from a circuit-design point of view.
The mechanism of the varactor “absorbing” power at f, and
“transferring” this power into 2 f will be presented to explain
how the matching at f; and 2 f; should be done. We will also
show that the values of Z.., 5, and Zya; 2y, are interdepen-
dent. Due to such interdependency, parametric sweeps using a
simulator for searching the optimum matching conditions are
complex (if not “blind”) and time consuming. This makes it
more desirable to find an analytical method to directly obtain
the optimum Z; ¢, and Z; >, as at least a good starting point.
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Fig. 3. (a) Equivalent circuit of a MOS varactor. (b) Simulated C—V curve of an
accumulation-mode MOS varactor in a 65-nm CMOS process. In comparison,
the linear region of the C—V curve of an ideal abrupt-junction diode (¢; =
0.3 V) is much smaller.

The classic theories developed in the 1950s and 1960s
[28]-[31] are based on devices with abrupt or graded semi-
conductor junctions of which the nonlinear capacitance is
described by [32]

7 N7
(1-%)

where Cj is the zero-biased capacitance, ¢; is the junction
built-in potential, and y is the junction grading coefficient (y =
0.5 for abrupt junction). Based on (1), the prior works [28]-[31]
predict the efficiency with high precision. However, the results
are too complicated to be useful in circuit design. Moreover,
these works do not provide an intuitive methodology to design
an optimum frequency multiplier that achieves the highest con-
version efficiency. For the accumulation-mode MOS varactors
used in this paper, the capacitance-tuning mechanism is based
on the depletion-layer modulation described in (1); however, in
addition to C';(v), the overall capacitance also includes two con-
stant portions: the series gate—oxide capacitance, Cyx, and the
shunt interconnect parasitics, C), [see Fig. 3(a)]. The capacitor
Cox degrades the slope of the C—V curve of C; at the higher
bias voltages, and therefore greatly extends the linear range of
the overall C-V curve [see Fig. 3(b)]. Meanwhile, C,y and C,,
also set harsh upper and lower bounds, which confine the ca-
pacitance nonlinearity in between. Therefore, compared to the
varactors solely based on junctions (e.g., Schottky diode), the
effective nonlinearity of MOS varactors can be better approxi-
mated to the first order within the bounded region

Crar(v) = Co(1 + bv) 2)

Ci(v) = (1)

where Cj is the average capacitance, and b is the slope of the
C—V curve. Next, we use the fundamental relationship between
the voltage, current, and charge of the variable capacitor core
(not including the series resistance R)

dQ) = Cyardv + vdClyay
= Co(l + bU)d’U + C()bUd’U
= Coy(1 + 2bv)dv 3)
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and

“

We then get

Co(1 + 2bv )@: i(t).

©))
For generality, we assume there are fundamental and second-
harmonic voltages across the varactor with independent ampli-
tudes (v1 and v2) and relative phase shift ¢
’U(t) = U1 COS w()t + vs COS(2&J(]t + 9) (6)
The harmonics higher than the second are neglected in (6).
Such an assumption is valid for a CMOS frequency doubler in
the terahertz range. As we will see in Sections IV and V, higher
order harmonics are close to or higher than the varactor cutoff
frequency, which means the conversions from the fundamental
to those harmonics are very weak. If we substitute (6) into (5),
the varactor current () is obtained,

i(t)

where iy, and isy, are the fundamental and second-harmonic
components of the current

ifo (f) = — woCyv sin wot — woCybvive Sin(th + 9)
3
— 2wy Covg sin(2wot + 0) — woCobv? sin 2wot.

(€))

i2f0 (f) =

Having obtained the voltages and currents, we can then derive
the fundamental power flow, Pr g, , into the varactor core

1

Prg, =— / [v1 coswyl - ig, (L) - dt]
' TfO Tf(]

1
= Ewocobw%ng sin(—#). (10)
Similarly, the second-harmonic power, Pr2y,, generated by
the varactor core is

1

[v2 cos(2wot + 8) - iag, (1) - df]
T2f0

Prog, =
T2f0

1 ; .
= — iwo()@ln;fvg sin(—#) (1
where Pr >, is negative to show the varactor is a power source
at 2 fy. It can be seen that the absolute values of the above two
powers are equal,

Pr g, = —Pros, = Pr (12)
which is as expected because the net power flow of all har-
monics in a varactor is zero according to Manley—Rowe prin-
ciples [33]. Pr in (12) is the power transferred from the funda-
mental to second harmonic. Up to this point, the varactor is as-
sumed to be lossless. Next, the series resistance, R, is included
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Fig. 4. Three fundamental current components represent an R—L—C' network
for the impedance of the MOS varactor under power injection at fq.

to represent the loss, which is the sum of the loss at fundamental
and second harmonic

1.
Pr, 5, = _|Zfo ‘QRS
wOCOR (b2 0203 4 2bvius cos @ + vl) (13)
1 .
Pr, op, = 5 ling|* Rs

WEC2R (403 + 4bvivy cos b + b%v}). (14)

Using these results, the doubler conversion efficiency 7,
which is the ratio of the output power at 2 f; to the input power
at fy, can be expressed as

Pout _ PT - PR572.f0
P Pr+ Pr, 1,

1-%‘(27)2—’—2(096-% vo )
_ Qz, sin(—6) 2 (15)
1+Q (%+0089+m)

2£5 iln( 8)

where ()2, is the average quality factor of the varactor at 2 fj

1

Qa0 = 3w0CoR. (16)

The maximum value of v; is determined by the linear range
of the C—V curve. For varying v, and 8, the efficiency in (15)
can be optimized analytically or numerically as shown in the
design of the 480-GHz doubler in Section IV. By a closer look
at (15), we see that for the highest efficiency, the value of 4,
the phase shift between the fundamental- and second-harmonic
voltages, should be in the third quadrant (§ C (—180°, —90°)).
Intuitively, this condition leads to a positive transferred power
in (10), and smaller loss in (13) and (14).

Next, we derive the source and load impedances, Z; ¢, and
Zy1 25, that achieve the values of v and # obtained through op-
timizing (15). The fundamental current, ¢, can be rearranged
into three terms listed in Fig. 4. The first term, ¢, 1, leads the
input fundamental voltage by 90°, and therefore, represents a
capacitor, C; this is the same as the small-signal model. How-
ever, when 6§ is between —180° and —90°, the second term,
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Fig. 5. Three current components at 2 f, represent a shunt circuit of C'y, L2
and a negative resistance, — 12 s, , behaving as a power source at 2 fy.

if,.2,lags the input voltage by 90°, and behaves like an inductor,
Ly, . The third term, ¢y, 3, is even more essential because it is
in phase with v, , and hence, represents a resistor, R, , that ab-
sorbs power. In fact, this is the power that is up-converted to
2 fy, and its value is equal to Pr. Therefore, it is now clear that
for the optimum condition, the ring structure should be a match
to the entire equivalent circuits in Fig. 4 (including the series
R) in order to deliver the maximum amount of fundamental
input power into Ry,

L (17)

core, fo

Zs:fo = RS +

* pu—
var, fo T

In (17), Yeore, £, is the input admittance of the varactor core

tp (8
1/core.,fo = %1) = SCO + qu
¢ 0

1
4+

R (18)

where s = jwg. Similarly, the output admittance of the varactor
core at 2 fo, Yeore,25, » is derived and shown in Fig. 5. It includes
a capacitor, C, an inductor, Loso, and a negative resistance,
—Ray9, as a power source at 2 fy

iz, (5) 1 1

Yeore2fy = ———= = §'Co +
ore.2fo U2 s'Lag,  —Ray,

(19)

where 5’ = 2jwg. Meanwhile, the series combination of R, and
Zy.2f, can be obtained,

v
—iafy(s')

From (19) and (20), we get that at 2, the ring structure
should present the impedance

Ziog, + Re = (20)

1

- —Rs
y(:ore,Qfo

Zlu2f0 = Z:ar,?fg = - (21)
to the varactor in order to extract the maximum second-har-

monic power out of the device.

IV. DESIGN CASE: 480-GHz PASSIVE DOUBLER

In the previous sections, we introduced device- and circuit-
level methods for designing terahertz frequency doublers. In this
section, these methods are applied into a practical design of a
480-GHz passive doubler. The choice of the output frequency
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Fig. 6. Simulated capacitance tuning ratios and quality factors (at 100 GHz) of
varactors with different gate—oxide thicknesses.

is due to the limitation of our test setup. The methodology it-
self is valid for even higher frequency. The 480-GHz doubler is
based on the ring topology in Fig. 1, and the design details are
described as follows.

A. Optimization of MOS Varactors

In the mainstream CMOS technologies, in addition to the
thin gate oxide for fabrication of normal transistors and MOS
capacitors, there is also a thick gate—oxide option for 2.5- or
3.3-V T/O circuitries. The 2.5-V-thick gate oxide is used for
the varactors of this 480-GHz doubler for the following two
reasons.

1) Power-handling capability: Varactors with thicker gate
oxide can sustain larger voltage swing at the gate, and are
therefore more capable for high-power terahertz signal
generation. For an output power higher than —10 dBm,
the simulated voltage swing across the varactors in this
doubler exceeds 2 V. This value is even higher if more
output power is needed. This causes reliability issues for
thin gate—oxide varactors.

2) Tradeoff between nonlinearity and loss: Another advan-
tage of thick oxide varactors is its higher quality factor.
The smaller C,,; in a thick gate varactor results in lower
capacitance density; thus, to achieve a certain capacitance
value, a larger active area in shunt is needed, which, in turn,
reduces the series resistance I?,. However, the larger pro-
portion of the linear capacitor weakens the nonlinearity. It
is shown in [31] that the criterion for varactors in multi-
plier design is the dynamic cutoff frequency, f., which is
equalto 1/ (27 CyinRs) —1/(27Cphax R ). It includes both
the loss and nonlinearity of a device. This issue is, how-
ever, highly process dependent, thus we simulated all three
gate—oxide thickness options in this process, regarding the
capacitance tuning ratio and quality factor at 100 GHz
(Fig. 6). The f. of the 2.5-V-thick oxide varactor is 10%
higher than the other two (870 GHz versus 790 GHz).

The above simulations are based on varactors with minimum
gate length because it gives the highest f. according to [34];
this is also verified by the simulation in Fig. 7. The varactor
that is finally adopted in the design has a gate aspect ratio of
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1 gm x 4/0.4 2m, an average capacitance (Cy) of 9 fF, and a
series resistance (I%;) of 17.5 .

B. Coupled-Line Structure

To enhance the magnetic coupling field, no ground shield
is placed beneath the coupled lines. For lower eddy current
induced in the lossy silicon substrate (p =~ 10 € - ¢cm), the
width of the coupled lines is small (3 pzm) so that the mag-
netic field is more concentrated near the metal. Narrow lines
also reduce the capacitive coupling, which is only 2 fF in simu-
lation, so as to isolate the 480-GHz signals from the input port,
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as described in Section II. At such high frequencies, the cou-
pled lines are co-designed and simulated with the input ground-
shielded pad (~ 20 fF) and the feed line, in a full-wave EM
simulator, HFSS [35]. The simulated even- and odd-mode char-
acteristic impedances are 140 and 25 €2, respectively. The sim-
ulated single-ended to differential insertion loss of the coupled
lines at 240 GHz is 0.68 dB [shown in Fig. 8(b)], and the output
phase and amplitude imbalance across 40 GHz range are less
than 3.1° and 0.2 dB, respectively, which demonstrates a broad-
band operation capability.

C. Optimum Pumping Conditions

In Section I'V-B, the first-order approximated efficiency ex-
pression is derived in (15). For the varactor used in this 480-GHz
doubler, the fundamental voltage amplitude, vy is about 0.6 V,
the quality factor at 480 GHz is 2.1, and the linearized C—V
curve slope, b, is 0.57 V~!. Based on these, the efficiency for
varying values of v and € is plotted in Fig. 9(a). In the case of
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Output Power (dBm)

-25 T T T
-0.5 0.0 0.5

Varactor Bias (V)
Fig. 10. Simulated output power contour of a varactor with varying input

power levels (fo = 240 GHz) and gate bias voltages, under the optimum
pumping/loading conditions.

(®)
Fig. 11. Half-circuit analysis of the matching scenario and the simulated
impedance transformation shown on a Smith chart (Z, = 39 Q) at:
(a) fo = 240 GHz and (b) fo = 480 GHz.
TABLE 1
DIMENSIONS OF THE 480-GHz DOUBLER RING
| 700 | 100 | 1L, | TLS
Length um) | 27 [ 7 | 92 | 110

a frequency doubler, the passive load impedance of the varactor
at 2fo is associated with the positive efficiency region of the
surface. It can be seen that the peak efficiency of 11.4% occurs
when v5 is 0.14 V and 8 is —139°. Under such optimum condi-
tion, the large-signal model parameters are derived in Fig. 9(b)
according to the equations in Figs. 4 and 5. Though 2 ¢, is large
compared to the impedance of Cjy at 240 GHz, it is not trivial
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Fig. 12. Large-signal S-parameter simulations of the entire 480-GHz fre-
quency doubler. The input stimulus power level is 4.5 dBm.
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Fig. 14. Microphotograph of the 480-GHz CMOS frequency doubler.

because only the fundamental power absorbed into Iiy, is up
converted. Based on (17) and (21), the optimum source and load
impedances, Z, ;, and Z; 2, , are (224 787)$2 and (23+405)<2.
When the varactor is terminated by these impedances, its output
power at 2 f; is simulated by Agilent ADS [36] with different
input power levels and bias voltages (Fig. 10). It can be seen
that the simulated peak efficiency is 10%, which is close to the
calculated result.
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Fig. 15. (a) Block diagram and (b) photograph of the testing set up for the
480-GHz frequency doubler.

D. Matching Implementations in the Ring Structure

Next, the ring structure is designed to present Z, y, to the
varactor at fy, and to transform Zya. 25, = Z;jQ,fo to 100 Q2
at 2fy so that the doubler output can match to 50 © with two-
branch combining. The input matching scenario is presented in
Fig. 11(a). Due to the symmetry of the ring, only the half circuit
is analyzed with a virtual ground on the right. As discussed in
Section II, the signal at f; is more sensitive to the left half of the
ring, as well as the input pad and feed line. Therefore, the length
of TLg3 is designed to be close to a quarter-wavelength so that
it acts as a large shunt inductor and does not significantly affect
the input matching. Similarly, the output matching scenario is
presented in Fig. 11(b). The signal at 2 f; is more sensitive to
the right half of the ring, as well as the output pad, so T1.;
is made short, to reduce the parasitic shunt capacitance of the
left half of the ring. The lengths of the transmission lines are
listed in Table I. Due to the close proximity (3.8 pm) between
the signal and ground metal, the characteristic impedance of
TLq ~ TLg is only 39 €. At 240 GHz, the HFSS simulated
attenuation factor of the transmission line is 1.6 dB/mm. The
capacitances of the input/output ground-shielded pads are also
included in the matching design.
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Fig. 16. Output power contour of a varactor with varying input power
levels (fo = 240 GHz) and gate bias voltages under the optimum pumping
conditions.
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Fig. 18. Simulated waveforms of the voltage across the varactor in the doubler
at different input power levels at 240 GHz.

E. Simulated Performance

To accurately model the ring, the whole metal structure,
including the input/output ground—signal-ground (GSG) pads
and the lossy substrate, is simulated up to the fourth harmonic
using HFSS. The matching performance of the entire doubler is
verified using the large-signal S-parameter simulation (shown
in Fig. 12). It can be seen that this compact ring structure
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TABLE II
COMPARISON OF STATE-OF-THE-ART TERAHERTZ SIGNAL SOURCES IN SILICON
References [22] [23] [8] [19] [16] [40] [26] This
erence: Work
fout (GHz) 275 325 180 290 482 533 125 480
Source Type active doubler harmonic oscillator passive doubler
Conversion .
Loss (dB) 11.4 6 (gain) 6.4 0 0 0 10 14.3
P, out,max
(dBm) -6.6 -3 0 -1.2 =19 -36 -1.5 -6.3
3-dB Output 114.6%
Bandwidth 7.8% 6.3% 11.1% 4.5% 0 0.1% N/A (sim)
DC Power
(mW) 40 24 39 325 61 64 0 0
Technolo 65-nm 130-nm 45-nm 65-nm 65-nm 45-nm 130-nm 65-nm
gy CMOS SiGe CMOS CMOS CMOS CMOS CMOS CMOS
T The full 3-dB bandwidth could not be measured due to the limited input source bandwidth (10 GHz).
achieves reasonable input matching at fy and output matching 5
at 2fy. Meanwhile, due to the simplicity of the ring and the 2008@ 2012 2012
broadband characteristics of the coupled-line balun, the re- oA MTT [19] “6” (3] ISSCC [13]
flection coefficients stay low within a wide frequency range. 2009®
When driven by an input power of 8 dBm at 240 GHz, the £ 14ssc [18] O 2011 This
doubler output power at fundamental, second, third, and fourth m -5 MTT [16]  \work
harmonics is also simulated in Fig. 13. The second-harmonic -% 20110 ®
power is 18-dB higher than the fundamental power at the tLg ISSCC [15] 2011
output, indicating that an effective signal filtering is achieved -10 - 4386 1]
by the ring structure. Other simulation results will be given in
Section V for comparison with the measurement. 154 2012
ISSCC [12]
V. EXPERIMENTAL RESULTS
The 480-GHz doubler was fabricated using 65-nm LP bulk -20 — T T T T 1
CMOS technology, and the chip micrograph is shown in Fig. 14. 0.0 0.1 0.2 0.3 0.4 0.5 0.6
The doubler, including the input/output GSG pads, occupies an fout (TH2)

area of only 300 x 250 pm?. To test the chip, a VDI amplifier
multiplier chain (AMC) is used to feed the 240-GHz input
signal through a Cascade 1325 WR-3.4 probe [see Fig. 15(a)].
The input signal power at different frequencies and user-control
levels is calibrated by an Erickson PM4 power meter. On the
output side, the 480-GHz signal is extracted through a Cascade
1500 WR-2.2 probe, and is then delivered into the power meter
for measurement. The losses of the probes and waveguides
at 240 and 480 GHz are listed in Fig. 15(a) [37], [38]. The
output probe has an integrated bias tee, which can provide a
bias voltage through the ring structure to the varactors gate.
The bias current is only about 50 A due to the discharging
resistors, 1,1 and Itps. A photograph of the testing set up is
shown in Fig. 15(b), in which all the components are connected
using rigid waveguides. The following two reasons validate
that the measured power from the power meter comes from the
second-order component rather than fundamental and higher
harmonics: 1) for the WR-2.2 waveguide at the output side, the
cutoff frequency for the lowest propagation mode, TE;g, is
268 GHz [38], which means that any possible fundamental-fre-
quency power leakage to the output cannot be delivered to
the power meter; 2) the simulated third- and fourth-harmonic
power at the output (shown in Fig. 13) are over 20 dB lower
than the second harmonic; 3) the tip of the output probe, which

O Active Doubler

Harmonic Oscillator

@ Passive Doubler

Fig. 19. State-of-the-art terahertz sources in silicon: output power versus fre-
quency. The merit in [17] is the power from each DAR element out of the 16-¢l-
ement array for fair comparison.

is based on a coplanar waveguide (CPW) structure, is expected
to have significant loss at 720 and 960 GHz.

Using the user-control port of the VDI AMC, the de-em-
bedded source power is fixed at 4.5 dBm, while the source fre-
quency is swept. The measured output power of the doubler is
plotted in Fig. 16 with different varactor bias voltages. Consis-
tent with the simulations in Fig. 10, the optimum bias voltage
in measurement is —0.7 V, and it can be seen that the measured
output power level is close to the simulation. Unfortunately, the
safety operational frequency range of the source is only from
230 to 240 GHz, which we believe is much smaller than the
bandwidth of the doubler. This makes sense as the measured
output power has only 1.5-dB fluctuation and does not show any
roll-off tendency within the 20-GHz range of measurement. Ac-
tually, as Fig. 16 shows, the simulated 3-dB output bandwidth
of this doubler is as high as 70 GHz. The ~ 2-dB dips in the
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measured curves in Fig. 16 may due to the small discrepancy
between the characterized and the actual losses of the probes
and waveguides, and due to the small internal reflections among
these components.

Next, at the input frequency of 240 GHz, the power injected
into the chip is changed from —2 dBm to the highest 8 dBm.
The measured doubler output response is plotted in Fig. 17.
The maximum (but unsaturated) output power is as high as
—6.3 dBm (0.23 mW). In Fig. 17, the simulated output power
reaches 2 dBm without saturation. However, the maximum
output power is limited by the breakdown voltage of the MOS
varactors. Therefore, the waveforms of the voltage across the
varactor with different doubler input power levels are simulated
in Fig. 18. In this CMOS process, the 2.5-V device can be
overdriven to 3.3 V [39]. Thus, based on Figs. 17 and 18, the
maximum output power is expected to be 0 dBm if higher input
power is available in the measurement. Fig. 17 also indicates
that, with larger input power, the conversion loss of the doubler
keeps decreasing and reaches a measured minimum of 14.3 dB.

VI. CONCLUSIONS

In this paper, we introduced a ring structure and an analytical
optimization method for the design of a varactor-based
frequency doubler in the terahertz range. Based on these,
a 480-GHz CMOS doubler is designed and measured. In
Table II, the performance of the doubler is compared to the
state-of-the-art sub-millimeter-wave/terahertz signal sources.
To the best of our knowledge, our 480-GHz doubler provides
the highest output frequency among all the CMOS frequency
multipliers, and the highest output power in all CMOS signal
sources above 350 GHz, including harmonic oscillators.
Regarding different power levels generated at different fre-
quencies, the performance of the state-of-the-art silicon signal
sources are plotted in Fig. 19. It can be seen that these sources
also follow the trend of terahertz gap [14], and this work has a
good standing in such a trend.
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