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Abstract—Frequency synthesis at mm-wave range suffers from
a severe tradeoff between phase noise (PN) and frequency tuning
range (FTR). This work presents the analysis and compares the
performance of fundamental-mode voltage-controlled oscillators
(F-VCOs) to harmonic-mode VCOs (H-VCOs). It is shown that
unlike a mm-wave F-VCO, an H-VCO can simultaneously achieve
higher FTR and lower PN. An H-VCO architecture, denoted
as self-mixing VCO (SMYV), is presented where the VCO core
generates both the first (fo) and second harmonic (2fo) and
then mixes them together to obtain the desired mm-wave third-
harmonic (3fo). Use of a Class-C push—push topology as the
VCO core enhances the second-harmonic content to improve mix-
ing efficiency, decreases parasitic capacitance, and improves PN.
Compared to an F-VCO operating in a mm-wave band at a funda-
mental frequency that equals 3 fo, the proposed SMV architecture
achieves about 2 X higher FTR and a better PN performance. A
52.8-62.5 GHz SMYV prototype is designed and implemented in a
0.13 um CMOS process. Measurement results show that the VCO
achieves an FTR of 16.8% with a PN of —100.6 dBc/Hz at 1 MHz
offset—resulting in an FTR-inclusive figure-of-merit (FoMry) of
—190.85 dBc¢/Hz while consuming 7.6 mW from a 1.2 V supply.

Index Terms—60 GHz, Class-C, harmonic oscillator, high
tuning range, local oscillator (LC)-VCO, low phase noise (PN),
mm-wave, self-mixing voltage-controlled oscillator (VCO).

I. INTRODUCTION

HE availability of wide bandwidth in the mm-wave

portion of the frequency spectrum makes these bands
attractive for high-data-rate applications such as wireless high-
definition video streaming and medical imaging [1]-[4]. One
of the main challenges in most communication systems operat-
ing in the 60 GHz and higher frequency bands is to synthesize
an on-chip local oscillator (LO) with a high spectral purity
and a large tuning range. In addition, when incorporated into
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Fig. 1. Application of H-VCO in a PLL.
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a phase-locked loop (PLL), this LO signal needs a mm-wave
divider which is challenging to design, and can consume more
than 70% of the PLL power budget [4].

The signal synthesis techniques can be broadly classified
into direct and indirect synthesis, based on whether the desired
LO frequency is the same as the voltage-controlled oscillator
(VCO) fundamental (fy), or higher than fj, respectively. At
mm-wave frequencies, direct LO synthesis techniques face sev-
eral design challenges to meet the desired PN and tuning-range
requirements. First, as fy approaches the maximum oscillation
frequency (fmax) Of the transistors in a given process technol-
ogy, the available power gain of transistors degrades. Thus, an
excess power is required to guarantee a sustained oscillation.
Second, the quality factor (@) of passive devices (capacitors,
varactors, and inductors) implemented on a lossy silicon sub-
strate degrades significantly in mm-wave region and adversely
impacts the PN performance and start-up power requirement.
Third, the parasitic capacitance of the oscillator active core,
interconnects, and output buffer stage (Cp,r) become a signif-
icant fraction of the total tank capacitance, thereby permitting
only a small MOS varactor (C\,,) to be used for frequency tun-
ing. Frequency tuning range (FTR) being proportional to Cy,;
and inversely proportional to Cyy, is therefore significantly lim-
ited [1]-[3]. Fourth, the switched-tuning technique [5] is no
longer effective for reducing the VCO gain, Kyco (defined as
the derivative of VCO output frequency to its input control volt-
age), since switches add more parasitic capacitance and loss
to the tank. With most of the tank capacitance contributed by
the transistors and varactors, more AM—PM conversion will be
observed in the mm-wave VCO owing to the nonlinearity of the
MOS capacitor, degrading the PN of VCO. Furthermore, with a
large Kvyco, the amplitude noise of the tank and the active ele-
ments in the oscillator core can also impact the PN [5], [6]. In
addition, using a large Kvyco in a PLL would result in increasing
the reference spur.
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Fig. 2. Indirect LO synthesis techniques for H-VCOs. (a) Triple-push VCOs with third-harmonic summation [3]. (b) VCO followed with third-harmonic generation
and band-pass filtering [10]. (¢) VCO followed with third-harmonic extraction and injection-locking. (d) SMV with first- and second-harmonic mixing.

To address above-mentioned challenges in cross-coupled
fundamental-mode VCOs (F-VCOs), several interesting
techniques have been proposed recently. In [7], the quality
factor of the LC tank @k is increased by reducing the size
of the varactor and the VCO frequency is tuned by using the
body effect which can adjust the drain capacitance of the
MOS device. Although a higher Q. results in a better PN
performance, FTR is limited (4.5%) due to the small size of the
varactor. An effective method of increasing FTR and to cover a
large range of frequencies is to use a dual-mode LC-tank—up
to 28% of FTR is achieved in [8]. However, due to the use of
a complex inductor structure, Qunx is sacrificed which deteri-
orates the PN performance. To improve the PN performance
while still utilizing an explicit MOS varactor, inductive peaking
at the gate of MOS devices is used to increase the fi.x and
the transconductance of the cross-coupled pair [2]. Although
achieving a reasonable tradeoff of PN, power consumption and
FTR (<9%), a larger FTR (>10%—15%) is still desirable.

Indirect LO synthesis techniques using harmonic-mode
VCO (H-VCO) generate and utilize higher order harmonics.
The benefits of this approach include increased FTR and ease of
implementation in a PLL by relaxing the frequency constrains
for the divider as shown in Fig. 1 [4], [9]. Fig. 2(a) shows
a triple-push-VCO structure [3] where f, and 3f, generated
by three VCOs are added destructively and constructively,
respectively. Although this technique achieves a large FTR at
60 GHz, extensive electromagnetic simulations of the nested-
inductor and tank layouts are needed and any error modeling
in coupling factors may alter the center frequency, degrade the
@, and adversely affect the PN [3]. Furthermore, improving
the PN performance requires higher selectivity at fj, thereby
reducing the power of the desired 3 f; harmonic. Finally, due
to the use of multiple oscillators, a relatively large dc power
is consumed. Fig. 2(b) shows another technique [10] where a
large signal swing at fy generated by the VCO core is fed to
a nonlinear limiting amplifier with a load resonant at 3 f. This
technique, however, suffers from low f to 3 f; efficiency of the

limiting amplifier at mm-wave, and has a significant tradeoff
between the output power at 3 f; and the dc power consumption
of the nonlinear limiting amplifier. Fig. 2(c) presents an
injection-locked frequency multiplier (ILFM) concept where
the frequency of the mm-wave VCO is locked by using an
auxiliary oscillator operating at a lower frequency [11]-[13].
Due to the noise-shaping of the locked oscillator, the output
ILFM signal has a superior PN performance than a free-running
oscillator [11]. However, design considerations like power
consumption, complexity, and injection locking-range must be
addressed for ILFM. The injected subharmonic signal should
be strong enough to lock the output to the desired frequency,
necessitating power hungry amplification stages. For example,
designs in [12] and [13] consume significant power in gain
stages, buffer, and injection-locking oscillator (ILO). Designing
mm-wave buffers and calibration for ILO adds to the design
complexity ([13], Table I). The FTR of the ILO is usually
limited by the locking-range. To the best of our knowledge,
the typical locking-range of mm-wave ILOs is in the range
of 7%—14%.

Although several designs for indirect and direct synthesis
are presented in literature, the approach resulting in a superior
performance still remains a matter of debate [4]. In this paper,
after discussing the benefits of H-VCO versus F-VCO, we
present a self-mixing VCO (SMV), whose basic topology is
shown in Fig. 2(d) [14]. Instead of generating a 3 f, compo-
nent out of the VCO, the SMV utilizes the second harmonic
(2fp) from the common-mode output along with the funda-
mental (f) from the differential output—we refer to this VCO
as a 3H-VCO from now on. The amplitude of 2 f; signal that
can be extracted from a VCO is larger than the amplitude of
3 fo signal, thereby making it a superior implementation than
[3]. Furthermore, the SMV architecture does not suffer from
strict matching requirements, single-ended operation, and large
power consumption of the triple push VCO [3]. Finally, we pro-
pose the use of a Class-C VCO topology to further enhance the
amplitude of the 2f; component and improve the PN. Thus,
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Fig. 3. (a) 2H-VCO and (b) F-VCO, both generating 2wq. (c) Conventional
Class-B VCO core.

the specifications for a low PN, large tuning range, and low dc
power can be simultaneously met.

This paper is organized as follows. Section II compares direct
and indirect signal generation with focus on the PN perfor-
mance. Section III describes the proposed Class-C SMV archi-
tecture in details. Section IV presents the measurement results
of a proof-of-concept prototype SMV that is implemented in
a 0.13 um CMOS as well as performance comparison with
the state-of-the-art designs. Section V provides concluding
remarks.

II. PN AND FOM COMPARISON OF DIRECT AND INDIRECT
SIGNAL SYNTHESIS

Consider a 2H-VCO and an F-VCO, both generating 2wy,
as shown in Fig. 3(a) and (b), respectively. The core oscilla-
tor in 2H-VCO operates at wy and uses an upconverter (e.g.,
mixer) to achieve 2wg, with the PN of the final output at 2wy
about 20log (2) higher than that of the core oscillator, assum-
ing the up-conversion process to add negligible AM to PM
noise. Based on Hajimiri’s PN theory [15], it can be shown
that the PN of the F-VCO is larger than the overall PN of the
2H-VCO, with the excess PN given by

Rrow, ([ Awy \”
PNexcess = 10 IOg (‘Rj;zo : <A2 > >
»Wo wo

2
. FT,rms,2w02 + 'YF]\/[,rms—eff,2w02 . ( Qwo )

1—‘T,rms,ouoz + PYFM,rmsfeff,w02 QQwo
(D
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where Ry represents the tank parallel loss, A is the oscilla-
tion amplitude, I'7 1y, is the rms values for impulse sensitivity
function (ISF) of Rt noise, I'as mms-cfr is the rms value for the
effective ISF of transistor [M; or My shown in the conven-
tional Class-B oscillator of Fig. 3(c)] thermal noise, and ~y is
the excess noise factor of a MOS transistor [15]. The subscripts
wo and 2wq in (1) are associated with the 2H-VCO and F-VCO,
whose cores are operating at these frequencies, respectively.
Different oscillators are compared in terms of an FoM that
normalizes the phase noise (PN) to the oscillation frequency,
the offset frequency, and the power dissipation (expressed
in mW or dBm) [14]; considering the VCO FoM = PN +

2
10 log(Pacmw - (%) ), FOMexcess can be defined as
FoMexcess = FOMuvco — FOMpyco =~ PNexcess (Qa r, N)
Pye.
+ 101log (”"CO) . 2)
Pie-nveco

2

Defining the tank dissipated RF power as FPrp = g—T =

IRE rms- VRE,ms and Py = Igc. Ve, (2) can be simplified for a
2H-VCO as

FOMCXCess == ].O IOg <77V,w077[wo>
TIV72"JO '771,2w0

(FT,rms,2w02 + ’)’F]VI,rms-eff,Qwo 2 ) < ng ) 2
FT,T‘WS,UJO ? + fYFM,rms—eff,wo 2 Q2w0
(3)

where 7y and 77 are voltage and current efficiencies [19],
respectively. For an NH-VCO with an up-conversion ratio of
N and output frequency of Nwy, (2) can be generalized as

FOMexceSS (Q7 ].—‘7 N) =10 IOg ((77\/,wo771,wo)

NV,Nwo "I, Nwo
2 2 2
(FT,rms,Nwo + 'VFM,rms»eff,ng ) ( Qwo )
. 5 5 . . @)
FT,rms,wO +’YFJ\I,rms-eff.,w0 QNWO
Equation (4) reveals dependency of FOMgycess to @, ISF, and
the device efficiency (e.g., current and voltage efficiencies).
Although at lower frequencies, () for the two VCOs can be
almost the same, as we approach mm-wave region the differ-
ence in () for the two oscillators becomes higher and thus
HVCO can show a better PN and FoM than FVCO (by every
doubling Q, FoM improves by about 6 dB). Second, as will
be discussed, ISFs of both active and passive devices are pre-
dicted to be higher in mm-wave range. In addition to ISF and
(@ degradation, device efficiency (e.g., transconductance effi-
ciency and power gain) decreases as the oscillation frequency
approaches the maximum oscillation frequency (fmax) of the
transistors. Hence, an excess power is required to guarantee a
sustained oscillation which in turn impacts FoM.
Here, we simplify (4) for two different cases. First, assuming
that both cores of NH-VCO and F-VCO generate the same sig-
nal swing (7v,w, = 7v,Nw, ), (it should be noted that assuming

Ay, = Anw, potentially results in a higher current consump-
tion in the F-VCO mainly due to lower passive quality factors
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as well as degradation of the device efficiency). With this
assumption, FOMxcess can be simplified as

FoMexcess (@, 1) = 101log (Ww)
NI,Nwq

2 2
FT,rms,ng + ’VFM,rms—eff,Nwo <

2 2
1—‘T,rms,wo + ’YFM,rms—eff,wU

2
o))

Second, assume that both cores of NH-VCO and F-VCO con-
sume same power (lcwy = lde-Nuwo)s = Nrlac R, and assum-
ing Ry be proportional to @ (e.g., R = LQwy), and L is
chosen to be inversely proportional to wp, FOMexcess can be
simplified as

2
FoMexcess (Q7 F) =10 log (77[7""0)

NI,Nwo
3
5:0) G,

2 2
1_\T,rms,Nwo + ’YFM,rms—eff,Nwo (

2 2
1—‘T,rms,wg + 'VFM,rms—eff,wg

The following sections analyze and compare the ISF and
@ of the two VCO topologies to estimate PNy.ess (or equally
FoM_ycess ), and therefore, the low PN merits of H-VCOs.

A. Comparison of On-Chip Passives

The quality factor of a mm-wave LC-tank can be limited by
either quality factor of the inductor, namely @) 1., or quality fac-
tor of the capacitor and varactor, namely (). The design of the
tank must be carried out with two considerations—operating at
the maximum achievable ) which minimizes PN and power
consumption, and, using fos. = ﬁ, the inductance should
be sufficiently small so that the tank requires additional explicit
capacitance provided by the varactor to maximize the FTR of
the VCO.

Generally, 1, of a spiral inductor is limited by loss in the
metal lines and the substrate, which at mm-wave frequencies
is frequency dependent due to factors such as skin effect and
proximity effect [16]. Using a double-7 equivalent model [17]
for inductors, it can be shown that at low frequencies, @y,
increases with frequency until it reaches its maximum value
(Qmax» beyond which it drops, as the frequency-dependent loss
becomes significant. One way to reduce the substrate-loss
and increase (7 in mm-wave range is to reduce the effective
substrate area under the inductor by decreasing the width [16],
and the number of turns of the inductor. In this paper, @, of
a single-turn octagonal inductor, suitable for mm-wave signal
generation, is studied. The structure is shown in Fig. 4. The
inductance is adjusted by changing the radius and the width of
the metal layer. For the purpose of simulation, both Sonnet and
PickView 3-D planar EM simulators are used. Fig. 4 presents
differential inductance, maximum achievable differential
quality factor, Qgifr-max, and the frequency at which @, reaches
its maximum value, namely fg-max, versus the octagonal radius
(R) for three different metal widths (W = 40, 10, and 4 pum).
For a 3H-VCO with its core oscillator operating at 20 GHz,
a high Quifrmax ~ 36 at 20 GHz is obtained with 175 pH of
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Fig. 6. (a) Conceptual ISFs, I'js, and I'7 at low frequency for a Class-B VCO. Simulated I'j; at (b) 7GHz, (c) 21 GHz, and (d) 63 GHz, respectively. ISF is

normalized to the maximum charge displacement, q,,. [15].

inductance (W = 40 um, R = 95 pum), yielding about 350 fF
of tank capacitance. On the other hand, for an F-VCO operating
at 60 GHz, an inductor having a Qgifr.max at 60 GHz for best PN
performance limits FTR by permitting small tank capacitance
(W=10 um, R=40 um, Quifr-max=27.9, L=120 pH, C'=>55 fF;
or W =4 um, R = 48 um, Qgifr-max=26.6, L = 180 pH, C =

38 fF), or a lower Qgifr-max Of 19.1—19.7 for larger FTR through
the choice of smaller inductance (40—60 pH) for W = 10 um.
If the inductor limits the quality factor of the LC-tank, (3) sug-

gests that the 3H-VCO could have 10log (%) ~ 2.7dB

better PN. As Qunk is dictated by the loss in inductors as
well as in MOS varactors and the metal-insulator-metal
capacitors (mimcaps) at the mm-wave range of operation
( Qimk ~ Q% + Q%m ﬁ), the overall Qu. may be
dominated by the varactor loss, which often shows a lower @)
due to the use of lower metal layer connections to the MOS
device. Fig. 5 show how the ) of the MOS-varactor and
mimcap degrades with frequency, for three different capacitor
values. Qunx for this technology is clearly limited by the loss
in the MOS varactors. Clearly, a 3H-VCO operating at 20 GHz
core can achieve significantly higher Q. than that of an
F-VCO operating at 60 GHz.

B. Comparison of ISF in A Class-B VCO

Next, we analyze the effect of increasing the operating fre-
quency of the VCO core on I'yf mseff and I'r rms. Consider
a conventional Class-B oscillator and its associated I';; and

0.6 s
04 ‘e RN
% 0.2
3 AN
2 0
£ \
2-02
04 ]
a,e"a/iﬂ [+-7GHz = 21GHz -©-63GHz | i

0 /2 4 3m/2 2

Fig. 7. Simulated I'r of a Class-B VCO at 7, 21, and 63 GHz (single-ended
noise is injected). ISF is normalized to the maximum charge displacement q, .
[15].

I'r as shown in Fig. 6(a). A detailed study of Class-B topol-
ogy can be found in [18]. First, let us consider the ISF for
M, namely I'j;. Based on the operating region of transistors
(deep triode or cut-off), the current noise of M finds two major
paths to reach the output node and generate PN—through Mo
when Ms turns ON, or through the parasitic tail capacitance
Chpar via the ground when M is OFF and M is ON. At low
operating frequency, the impedance of Cy, is negligible, and
the noise current only reaches the output when the switches are
commutating, through M5. This results in almost a flat zero area
in I'p; when M5 is OFF. However, as frequency increases, the
effect of Cp,r becomes more significant and I" /1 s increases,
as seen in the plots for I'y; at 7, 21, and 63 GHz (all simulations
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(a) (b)

Fig. 8. (a) 2H-VCO (push—push Class-B core). (b) 3H-VCO with SMV
architecture (Class-B core).

have been done with the same Q. and core transistors are
optimized to reach the lowest PN) in Fig. 6(b)—(d), respectively.
Two conclusions can be easily made here. 1) Due to the lower
core frequency, H-VCO architecture has smaller I y7 rms-cfr than
F-VCO, thereby providing a better PN. 2) To alleviate the effect
of Cper in mm-wave range, one can use an alternative topology
which has less sensitivity to the tail parasitic capacitance. For
example, a Class-C VCO topology can be attractive in which
the transistors are operating in saturation region and are ON for
only for a small amount of time (typically around the peak of
the output voltage), and thus the effective injected noise and
ISF of the core transistors can be reduced. In this case, a larger
tail capacitance should be used to facilitate a proper operation
of class-C, filtering the high frequency noise of the tail transis-
tor. In addition to noise filtering, class-C operation provides a
superior current efficiency 7y [19].

As for the tank-referred ISF I'7 1, it is expected that I'p
increases when operating at the mm-wave range. This is pre-
dominantly due to increased AM to PM noise conversion from
the nonlinear capacitances of active core transistors which have
comparable size to varactors at the higher frequency. Fig. 7
shows the simulation results of I'r s versus frequency (all
simulations have been done with the same (Q,x and core tran-
sistors, while the frequency is changed by adjusting the value of
the tank capacitance. Single-ended noise is injected and all plots
are normalized to the maximum charge displacement q,,, [6],
[15]). As shown, increasing the frequency from 20 to 60 GHz
increases I'7 s by about 26.8%.

C. PNeycess of a Class-B VCO for Different Up-Conversion
Ratios

In the previous section, we compared and discussed the
parameters which are contained in PNeyeess(@Q, I, N). To have
a better understanding of realistic values for PNexcess (Q, ', V),
a 2H-VCO and 3H-VCO are compared with an F-VCO at
different frequencies. Here, the F-VCO is realized with a
Class-B oscillator [Fig. 3(c)], 2H-VCO is implemented using
a push—push Class-B VCO [Fig. 8(a)], and the 3H-VCO is
achieved by self-mixing the output of a Class-B and the second
harmonic from the tail using an ideal mixer [Fig. 8(b)]. In each
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simulation, the LC-tank and the active-cores are separately opti-
mized for the target frequency to achieve the minimum PN
(all inductors are designed and optimized using PickView).
Fig. 9 presents the simulation results of PNeycess (@, I, 3) and
PNexcess (@, 1", 2) for a 1-100 GHz oscillator. As predicted, at
low frequencies (e.g., less than 10 GHz) where the quality fac-
tor of passives and ISFs of H-VCO and F-VCO are close to
each other, PNgxeess 1S negligible. However, as the frequency
increases, H-VCO shows a better PN performance due to the
superior () and noise sensitivity of the core oscillator. In the
next section, we discuss the implementation of the proposed
3H-VCO.

III. PROPOSED 60 GHz 3H-VCO

As suggested earlier, Class-C operation can alleviate the
detrimental effect of tail parasitic capacitance in increasing
I"as,rms by changing the operating region of the transistors. We
will further show that a Class-C topology can also provide a
lower active-core parasitic capacitance across the LC-tank and
hence an improved FTR. Thus, we focus our attention on the
Class-C implementation in this section.

Fig. 10 illustrates two possible architectures for achieving a
Class-C 3H-VCO. In Fig. 10(a), the third harmonic of a Class-
C oscillator is extracted using a tuned transformer at 60 GHz.
An alternative SMV is shown in Fig. 10(b). In the first stage,
the structure uses a Class-C push—push VCO to generate f, and
2 fo components at 20 and 40 GHz, respectively. In the second
stage, a single-balanced active mixer is used to combine the fj
and 2f, components and generate the desired LO component
at 3fo(~60 GHz) at the output of the mixer. A /4 (at 2f)
transmission-line is used for biasing the VCO and mixer as well
as to maximize the second-harmonic component. This A\/4 line
is ideally open (high impedance) at 2 f; and allows the second
harmonic current I5 fj to sink into the mixer. The mixer is tuned
at 3 fo(~60 GHz) to provide frequency selectivity and suppress
spurious components at the lower mixing sideband. To avoid a
transformer design, and the adverse effect it has on the @ of the
core tank that oscillates at the fundamental frequency degrading
the PN and FoM, in this work, we focus on implementation of
the Class-C SMV as shown in Fig. 10(b).
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Fig. 10. (a) Transformer-based third harmonic extraction. (b) SMV implementation [14].
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Fig. 11. Cross-coupled pair in Class-C and Class-B VCOs and corresponding
drain currents.

A. Benefits of Using Class-C Push—Push VCO in mm-Wave

The operational Class of core VCO significantly impacts the
amount of 2f, component generated at its output. A smaller
2fo component reduces the conversion gain of the mixer in
SMYV, thereby necessitating a larger power consumption in the
mixer to increase the signal swing of the 3fy output signal.
The Class-B push—push VCO has been frequently used for
generating 2 fy [20], [21]. However, it achieves low dc-to-2 fj
efficiency due to the nature of the VCO current waveforms.
Fig. 11 shows a Class-B cross-coupled VCO, where the cross-
coupled transistors (M; and M) operate mostly in triode
region. In contrast, in a Class-C design, with Vgjis Gate < VbD,
these transistors operate in the saturation region when conduct-
ing. Also, a Class-C VCO employs a large capacitor in parallel
to the tail device. In comparison to the ideal Class-B operation
with square-wave drain current, Class-C VCO shows a (Class-
C) waveform with conduction angle of ®~ < 7 [22]. This has
two main benefits: first, while the square-wave drain current
has a zero second-order harmonic in ideal Class-B operation
(although in a real implementation, the current waveform is not

(b)
~————
i 15
‘ E' \ n=2
i 5 1
™~
: “o5 Vs
®C
- f——| TT >
- [0) 0
0 /4 /2
¢ (rad) olrad)
Class-C current
Fig. 12. Current efficiency versus conduction angle.
TABLE 1
OPERATING REGION OF TRANSISTORS IN CLASS-B VCO
Operating region Core
L Small swing Cpon + 4Cygn + 4Cap, ~ 2WLCoq +5WC
M, & M, in saturation gs1 T 4Cgar +4Capy = 3 ox T ov.
11. (or IV) medium swing -1 Gm2Coran e
M, _off, M, in saturation 2 gm? + (Cray + Cgs)2w? gd1
or vice-versa
III. Large swing 1 gas® (2C4s + Crap) S Cap
M, off, M, in triode 2 Gas? + (Cran+ Cos)20? gd1 2

an ideal square-waveform and does contain some second har-
monic), the Class-C drain-current results in generating a larger
first and second harmonic and consequently higher dc-to- fy and
dc-to-2 fy efficiencies. An expression for the dc-to-n fj current
efficiency (n; ,,) for the Class-C operation is derived later in the
Appendix, and is plotted in Fig. 12 as a function of one-half the
conduction angle for various n. The second benefit of Class-C,
as shown in [18], [22] and attributed to its better current effi-
ciency, is that Class-C drain current waveform in VCOs results
in 3.9 dB lower PN at same dc power consumption (or 50%
lower dc current while achieving the same PN [22]).

In addition to a better dc-to-2f efficiency and superior PN
performance, the Class-C VCO has a lower parasitic capaci-
tance Cloe across the resonator LC-tank.
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TABLE 11 210
OPERATING REGION OF TRANSISTORS IN CLASS-C VCO ~¢-Class-C VCO af
200j -4 Class-B VCO gy -
Operating region Coore o =
=1 a
I Both M, & My off | = 4Ce0+ Cyror = 5SWCoy =190 -
- 3 .
saturation or vice-versa & = E
[ a
2 170 K
[&] ’n’
Consider a cross-coupled pair and its associated parasitics as = 160 ¥ . |
. . . ©
shown in Fig. 13. Here, Co presents the amount of the active 5 150 o e
. . . aQ I ad
core parasitics and is a function of Cys, Cya, Cap, gm, gas, and ¢ 140 o /
N N N ©
Chail- As shown in [23], transistors in a class B core undergo 5 '.-" -~
four different operating regions over a complete period of signal 130 .,.-"""'-- g
swing. Table I shows the different operating regions, and the 120 /,.
expression for instantaneous Ci o in each region [23]. Here, 0 1 2 3 4 5 6 7

Cloy is the overlap capacitance per unit channel width (W), and
Cox is the gate oxide capacitance per unit area. \/%

From Table I and Fig. 13, even though C,; is larger or equal
to Cyq in all the operating regions, the effect of Cyq in Ceore is
amplified by 4x due to differential swings and is dominant.
In operating region III, both Cyq and Cyp are large, and if
Cra is designed in Class-B operation to be large in order to
reduce the flicker noise upconversion at the output PN, Ciore
becomes significantly large in this region. Averaging over the
entire period, the large signal parasitic capacitance (Cp.par) for
Class-B remains considerably big, severely limiting the tuning
range at mm-wave frequencies.

On the other hand, in order to find the instantaneous small-
signal capacitance of a class-C VCO, the oscillation period can
be divided in three regions: 1) when both cross-coupled tran-
sistors are OFF and 2) [or 3)] when only one device is ON and
operates in the saturation region. Table II shows the different
operating regions in a Class-C operation, and the expression for
instantaneous C. in each region. By avoiding operating in tri-
ode region, and with a conduction angle smaller than Class-B,
a Class-C core therefore has much lower Cp_p.r, and, therefore,
a larger tuning range at mm-wave frequencies.

To validate the above-mentioned analysis, C'p_p, for a Class-
C and Class-B VCOs is simulated. To have a fair comparison
and observe only the effect of the operation region on Cp_py,
identical core transistors and current sources are used. The par-
asitic capacitance of the current source is about 200 fF. For the

Tail current (mA)

Fig. 14. Parasitic capacitance (C'p_py,) of cross-coupled pair in Class-B and
Class-C VCO at 20 GHz.

Class-C design, a 1 pF capacitance is added at tail (Cy) to
ensure a proper Class-C operation. Fig. 14 compares the sim-
ulated drain capacitance. As can be seen, C'p_p,, in Class-C is
almost 2/3 of that of Class-B. A Class-C VCO therefore ensures
a higher FTR, especially at mm-wave frequencies.

B. Comparison of Output Signal Swing

VCOs are often designed and compared in terms of PN, FTR,
and power dissipation. Two popular figures of merit (FoMs) for
comparing VCOs are

FOM = PN —20log (fo/Af) + 10log (Ps/1 mW)
FOM7 = FOM — 201log (FTR/10) .

(M
®)

Although these FoMs are applicable to mm-wave VCOs, and
indeed widely used and reported [1], [3] they do not directly
incorporate the output signal swing of the VCOs or the power
consumption of the buffers. The buffers are often designed to
be able to drive 50 €2 for test purposes, including the prototype
presented in Section I'V.

In order to use a mm-wave VCO in a monolithic transceiver,
it must have a significantly high voltage swing and be able
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TABLE III
SIMULATED PERFORMANCE COMPARISON OF 60 GHzZ VCO TOPOLOGIES
Parameters Active-mixer | Passive-mixer | Active-mixer Passive-mixer | F-VCO
3H-VCO 3H-VCO 2H-VCO 2H-VCO
Mixer gain (V/A Ohm) * 152.46 28.60 150 28.52 NA
PN (dBc/Hz) @ 1 MHz -102.4 -101.5 -97.2 -96.8 -94.7
FTIR % 10.3 10 8.3 5.8 4.0
Single-ended voltage Swing (mV ;1) 900 900 900 900 900
Power (core) (mW) 18.5 17.4 21.4 16.2 16.36
Power (buffer) (mW) 10.3 25.8 10.4 11.2 4.28
Total power (mW) 28.8 432 314 244 20.64
FoM (dBc/Hz) (core) @ 60 GHz —-185.3 —-184.6 -179.43 -180.26 —178.13
FoM (dBc/Hz) (core+buffer) -183.36 -180.7 -177.77 —178.08 -177.12
FoM;y (dBc¢/Hz) (core+buffer) -183.62 -180.7 -176.15 -173.04 -169.16

*Since the mixers are operating in current mode, fed by the harmonic current generated by the push-push VCO at the VCO

common-mode node, the gain of the mixer is in Ohm.

60 GHz measurement setup

R&S signal analyzer

670 pm

Fig. 15. Measurement setup and chip micrograph of SMV architecture.

to drive a capacitive load. F-VCOs usually have large signal
swings, although at the expense of a severe tradeoff with FTR,
PN, and power dissipation to start and ensure oscillations. On
the other hand, H-VCOs have improved PN, FTR, and power
dissipation in the core as described earlier, but suffer from
insufficient output swing. In order to amplify the signal swing,
additional power must be consumed in buffers that can drive a
capacitive load.

For a fair comparison between F-VCO and H-VCOs for the
case of similar output signal swing, five different topologies
are simulated, as shown in Table III. This includes a 60 GHz
F-VCO, a 60 GHz 2H-VCO [Fig. 3(a)] with the core operating
at 30 GHz, and a 60 GHz 3H-VCO [Fig. 10(b)] with the
core operating at 20 GHz. All the cores use a Class-C topol-
ogy for fair comparison in terms of FTR and PN. For the
H-VCOs, the output of the mixer is amplified using a three-
stage buffer, each stage being a common-source buffer with
a 1:2 transformer-based resonant load at 60 GHz. The final
stage drives a 30 fF load with a single ended swing of at least
900 mV, assumed to be sufficiently large to switch transistors
ON/OFF in 130 nm CMOS process. The 1:2 transformers in the
buffer are implemented with a quality factor of 10 in the pri-
mary and secondary turns. For the F-VCO, only one stage of

Cables have 6.45 dB of loss @ 60 GHz

Cables have 3.25 dB of loss @ 20 GHz

o
t == 025
° 552 4 S5
k= 5 ----
3
= O O 00
T
Two Two

cascade
DCQ-05

cascade i67
infinity GSG

SMV DUT

20 GHz measurement setup

§ 228 0 =5
L =S58 4 =2 -
s B2 = |B|as |Supplv|Vm,,e Vesre
g
= © ©0 0 £ © © © ©
20 GHz Amp. I

Two
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Ref Level 0,00 d8m
Att 10 3B

le_Auto Sweey

M1[1] 31.36 dBm|

2.480150 GHe|

Fig. 16. Measured SMV spectrum at the buffer output at 62.48 GHz.

buffer is needed. Furthermore, for each H-VCOs, both active
[Fig. 10(b)] and passive mixers are implemented. The main
concerns for the mixer design are the capacitive loading for
the core and the conversion gain, which are best addressed by
an active mixer. However, passive mixers, implemented using
transmission gates, as presented in [16], do not consume static
power. The common-mode input levels of the passive mixer are
held to ground to reduce power consumption. No considerable
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Fig. 17. Measured frequency tuning range.

Nominal frequency 17891267866 GHz | Measured level Measured freq
ref level & att -35.60 dBm, A0 d8 | initial delta -0.43d8 | initial delta 16.60 kHz / 0.90 ppm
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Fig. 18. Measured SMV phase noise at 17.9 GHz (fundamental), 53.68 GHz
(tripled, lowest frequency), and 62.49 GHz (tripled, highest frequency).

PN performance difference in passive versus active mixer is
seen for the same H-VCO design. Each of the designs is
operated at 1.2 V supply.
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Fig. 19. Measured phase noise (at 1 MHz offset) and FoM versus SMV output
frequency.

Table III presents the simulation results for an iso-swing
design comparison, from which several conclusions can be
drawn.

1) Although F-VCO has reduced power consumption and
design complexity by needing only one stage of buffer
amplification, the performance is poor in terms of PN and
FTR.

2) Although the 2H-VCO (or F-VCO) does not need to gen-
erate any second harmonic which suffers from smaller
voltage swing, the lower Q. at 30 GHz (or 60 GHz)
compared to 20 GHz degrades the PN significantly.

3) The VCO core experiences a higher capacitive load-
ing in the 2H-VCO topology compared to the 3H-VCO,
lowering the FTR.

4) The VCO cores operating at higher frequencies must be
operated with a larger current from the supply to ensure
oscillation startup.

We observe that even when accounting for signal swing, the

3H-VCO with an active mixer has the best performance in terms
of PN, tuning range and total power consumption.

IV. MEASUREMENT RESULTS

The 3H-SMV shown in Fig. 10(b) is designed and fabri-
cated in a 0.13 um CMOS process. The core Class-C VCO is
designed to operate between 17 and 21 GHz; the mixer and
the output buffer at 60 GHz. For this prototype, a large signal
swing into a capacitive load is not a design constraint. Instead,
a single stage output buffer is designed to drive the 50 2 load
of the test equipment so that a comparison can be made to
the state-of-the-art designs. The VCO varactor is implemented
using a thick oxide accumulation MOS varactor. Both Lgiy
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TABLE IV
MEASURED PERFORMANCE SUMMARY OF STATE-OF-THE-ART MILLIMETER-WAVE VCOS
. Freq. o, | PN (dB¢/Hz) @ 1 MHz 1% P, Buffered Tech. (nm) FoM (dBc/Hz)
Parameters | Architecture | (Gpg) | FTR% | oy apem@ 1o Maz | V0| Prc@W) Poyr(dBm) | CMOS process | FoM; (dBe/Hz)
This Work Class-C
H.VCO selfmixing | 52.8-625 | 168 | ~100-57@53.6GHz 1.2 7.6 @S Gl 130 ~1865
VCO (SMV) —124.75@53.6 GHz 4.1 VCO + 3.5 Mixer -31@62 GHz -190.85
Transformer-
(1 based 3 order | 58 254 00c] 1 13.5 NA 40 1815
3H-VCO TaCtor -1223 189.6
Class-B
[2] . -95 -186
Py Inductive 64 8.7 oy 0.6 3.16 -20@64 GHz 90 185
peaking
[3] Triple- NA ~159
3H-VCO push VCO 67.8 13.6 95 14 18 -36.4@63.2 GHz 130 1617
[8] Dual mode NA Y -168
F-VCO tank 66.1 279 _103 1 13 31@75 GHz 65 77
[12] Injection- -95% >33.6 _ i -175
3H-ILO locked 60.5 8.2 113+ 12 oLy | ~10@6048 GHz 63 1734
[27] Class-B 57 116 -92 1.2 132 NA 65 176.4
F-VCO DCO . NA 177.7
[26] ) .Inductlve s4 o1 -95 1 24 NA 65 -179.8
F-VCO divider feedback . -119.2 -179
[28] Magnetically NA B —172 to—180
F-VCO tuned multimode 8 4l —104.6 to—112.2 12 Bid— 108 DA 65 —184t0-192.2
Inductive-
[29] division LC 61.7 481 90 0.43 12 NA 90 *1173856
F-VCO tank NA __
[30] NA . ~175.76
F-VCO CMOS VCO 70.2 9.55 _106.14 1 54 37@73 GHz 65 _175.36
Transformer-
31 _ i
[31] basad 67.9 19.8 NA 12 1.44 NA 65 173.8 to -180.4
F-VCO —105.8 to—112 —180 to -187.4
dual-band
[32] Magnetically 593 39 NA 1 89_104 -31@75 GHz 65 -167.8 to -179
F-vCO coupled —101.7 to—113.4 —179.6 to 190.6

*includes off-chip amplification

and Lp are implemented using a A/4 transmission-line. All
transmission-lines and inductors are modeled and simulated
using Momentum planar electromagnetic software.

Fig. 15 shows the die micrograph. The active die area
(excluding pads) is about 300 x 670 um?. The device under
test (DUT) is directly probed as shown in Fig. 15 (using 50—
67 GHz Cascade infinity probes) and measured with R&S
signal and spectrum analyzer. To minimize noise contribution
of the supply, a battery-based source is used for the supply and
control voltage of the varactors [24]. The output signal power of
SMYV is —31 dBm measured at the maximum output frequency
of 62.48 GHz, as shown in Fig. 16. Fig. 17 shows the tuning
range plot of the SMV, spanning from 52.8 to 62.5 GHz with
an FTR of 16.8%.

Fig. 18 shows the measured PN plot of SMV at mid-band
carrier frequency of 53.68 GHz with a PN of —100.6 dBc/Hz at
1 MHz and —124.8 dBc/Hz at 10 MHz offset, respectively. The
variation in the PN, measured at 1 MHz offset frequency from
the carrier, is shown in Fig. 19(a) across the entire tuning range
of the VCO. The overall variation is about 2 dB. Fig. 19(b)
shows the corresponding variation in the FoM across the tuning
range.

The performance summary of the Class-C SMV architecture
and its comparison to the state-of-the-art designs is presented
in Table IV.

V. CONCLUSION

An SMYV architecture is described for mm-wave applications.
The structure uses a push—push Class-C VCO for low PN, high

tuning range, and higher first- and second-harmonic content,
and then mixes these two harmonics to generate the third har-
monic as the desired output. We refer to this architecture as
3H-VCO. Analyses and simulations confirm that this indirect
LO signal generation technique has superior tuning range and
PN performance as compared to those of direct synthesis tech-
niques. As a proof-of-concept, a 60 GHz 3H-VCO prototype
is designed and fabricated in a 0.13 um CMOS process. The
measured performance of the implemented 60 GHz prototype
compares favorably with the state-of-the-art designs.

APPENDIX

Consider the drain current of a short-channel device operat-
ing in saturation region [25]

1
Ip = §anoxWEsm(VGs — Vi) = K, W(Vos — V) (Al)

where (i, 18 carrier mobility, Cyy is the gate oxide capacitance
per unit area, W is the channel width, F, is the electric field at
which the carrier velocity drops to half the value extrapolated
from weak-field mobility, and V4, is the threshold voltage. I (¢)
for a transistor working in a Class-C core can be written as

Ip(t) = ©)
%anox WEﬂat
(Vasae+Acos(wot)—Vin) —p+2km <wot < p+2km
0 elsewhere
(A2)
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where A is the oscillation amplitude and ®c = 2¢p is the
conduction angle, given by

(A3)

dc = 2cos ! (VGS’DC _ Vth)

A

Using the Fourier expansion of Ip(t), the dc term can be
calculated as
1 (%1

— | SHnCoxWEwA(cos(a) — cos(p))da
2 —y 2

Idc

1 .
= 7“'”ILOOXWES3[A[S1H(<)O) - @COS(@)]'

o (A4)

Similarly, the magnitude of the nfy harmonic component is
given by

1 /%1
I, = 7/ §H"COXWESMA(COS(04) — cos(y)) cos(na)do
7T
—¢
1 sin(n + 1
= 7I“LTICOXWESZ\IA ( ( )‘P

n+1

sin(n — 1)p

2 n—1

—% cos(p) sin(n<p)> . (AS)

Thus, the dc-to-n fj current efficiency, n; ,, is calculated as

sinc (@) + sinc (@) — 2cospsinc (%£)

nI,n —

sinc (£) — cos ()

(A6)

where the normalized sinc function is defined as sinc(z) =
sin(ma) /7.
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