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Abstract—This paper proposes the use of N-push operation for
combining the functions of the VCO and divider in the mm-wave
frequency range. If employed in a PLL, the combined VCO/divider
(C-VCO/D) would potentially provide wider tuning range than tra-
ditional mm-wave PLLs employing injection locked frequency di-
viders, thus exploiting the full range available in the 60 GHz band
(57 GHz-64 GHz). The behavior of triple push oscillators based
on injection locking theory is analyzed to study their various oscil-
lation modes, their stability and the effect of mismatch on the os-
cillator performance. Design guidelines are provided for boosting
the third harmonic power at a given power budget. Using 130 nm
IBM CMOS technology, multiple versions of the triple push os-
cillator are implemented and characterized. A 55 GHz-65 GHz
tuning range is obtained using a 206 pH tank inductance and re-
quires I.ore = 20 mA, and I uger = 15 mA from a 1.4 V supply.
For a tank inductance of 140 pH, a 63.2 GHz-72.4 GHz tuning
range is obtained using I.,.. = 17 mA, and I, uger = 18 mA
with a phase noise of —91 dBc/Hz at 10 MHz from the 63.2 GHz
carrier and —95 dBc¢/Hz at 10 MHz from the 72.4 GHz carrier.

Index Terms—Frequency synthesizers, injection locking, mil-
limeter-wave oscillators, triple push oscillators, 60 GHz radio.

1. INTRODUCTION

URING the past few years, substantial knowledge about
D the 60-GHz millimeter-wave (MMW) channel has been
accumulated with a considerable amount of work done towards
developing MMW communication systems for commercial ap-
plications [1]-[5]. The immediately seen opportunities in this
particular region of the spectrum include next-generation wire-
less personal area networks (WPANs) with applications in high
definition video streaming and wireless Gigabit ethernet. In the
physical implementation of transceivers at 60 GHz, millimeter
wave signal generators are key components, where achieving
reasonable output power levels and low phase noise over a wide
tuning range can be a challenging task.

A number of recent studies have reported various architec-
tures for CMOS mm-wave frequency generators targeting the
60 GHz band [6]-[10]. However, among previously reported re-
sults, there are few examples that achieve the required tuning

Manuscript received November 22, 2009; revised January 30, 2010; accepted
April 14, 2010. Current version published July 23, 2010. This paper was ap-
proved by Guest Editor Ramesh Harjani. This work was supported by NSF
ECCS award 0952581.

The authors are with the Electrical, Computer, and Systems Engineering
Department, Rensselaer Polytechnic Institute, Troy, NY 12180 USA (e-mail:
hellam@rpi.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSSC.2010.2049915

range to cover the worldwide union of bands from 57 GHz to
66 GHz, with some margin for process and temperature vari-
ations. Achieving such tuning range for a given phase noise
is hampered by the limited varactor tunability at 60 GHz, and
the need for high frequency dividers with wide locking ranges.
A notable exception to the direct frequency synthesis using a
60 GHz phase locked loop is the use of frequency multipliers
to up-convert lower frequency sources (e.g., 20 GHz) to the
60 GHz range as demonstrated by Floyd [11], Chan and Long
[12].

This paper proposes the use of triple push oscillators as com-
bined oscillator/divider in a typical mm-wave frequency syn-
thesizer. Section II presents the challenges for wide operation
range mm-wave PLLs. Section III discuses an architecture for
mm-wave PLLs based on triple push oscillators and compares
this architecture to existing designs based on frequency multi-
pliers. The behavior of triple push oscillators based on injection
locking theory is analyzed in Section IV to study their various
oscillation modes, their stability and the effect of mismatch on
the oscillator performance. Section V gives the implementation
details for a triple push oscillator in 130 nm CMOS technology
based on our work published in [13]. Key experimental results
are highlighted in Section VI, and Section VII concludes the

paper.

II. CHALLENGES IN THE DESIGN OF WIDE
OPERATION RANGE MMW PLLSs

The block diagram of a typical MMW PLL employing injec-
tion-locked frequency dividers, is shown in Fig. 1. For a wide
operation range, the VCO has to cover a broad tuning range
while maintaining phase noise over that range. The divider
locking range should also capture the VCO tuning range and
the center frequencies of both circuits have to be aligned.

For the VCO, the tank quality factor affects phase noise,
tuning range and power consumption. Although inductor values
and their associated series loss tend to decrease at mm-wave
frequencies, their quality factors are expected to stay around
30 in the 60 GHz range mainly due to increased substrate
losses [14]. This has been demonstrated in various publications
as in [10], [14], [15]. This saturation of Q makes the design
of millimeter-wave oscillators quite difficult as the trade-offs
between phase noise, tuning range, and power dissipation
become much more severe. In addition, the Q of varactors
appears to fall below that of inductors at millimeter-wave
frequencies (for example, a quality factor in the range of 5-20

0018-9200/$26.00 © 2010 IEEE



1576
Fer PFD [—{LF
+S =M fO-f;LFD fo
Static Miller or
Dividers ILFD
1
f;LFD
(a)
Fig. 1.

and (c) possible mismatch in the center frequencies.

TABLE I
COMPARISON OF DIVIDER TOPOLOGIES
Power fin fop(BW)
Static High Low High
Miller Moderate | Moderate | Moderate
Injection Locked Low High Low

is reported for varactors at 60 GHz using 90 nm technology
[14]). Moreover, meeting a wide tuning range requirement is
another challenge, as the LC budget is strictly limited by device
parasitics. In recently published CMOS VCOs operating near
40-60 GHz, tuning ranges were significantly less than 5 GHz
as in [16]-[18], except for those fabricated using SOI processes
[19], [20] due to the lower parasitic capacitances in the SOI
process.

In addition to the above requirements, the oscillator needs to
drive high speed dividers in the PLL. Frequency divider stages
become more difficult to implement and are power hungry at
mm-wave frequencies. Table I compares divider architectures
and their performances, where it can be seen that injection
locked frequency dividers (ILFD) are more appropriate for
mm-wave applications compared to other architectures, and
indeed they are a common practice as reported in [6]-[10].
When a mm-wave VCO and ILFD are combined, typically the
locking range of the ILFD is much narrower than the tuning
range of the mm-wave VCO. The locking range of ILFD is
given by [23]

Wo K I

Q /1-K?
where w, is the free running tank frequency, () is the tank quality
factor, and K = Iiyj/Iac < 1 is the injection strength. In-
jection-locked circuits typically suffer from a limited locking
range, which results in narrower operation range for the PLL
and a significant portion of the tuning range of the VCO getting
unutilized. While the locking range of the ILFD can be enhanced
through increasing the signal power or reducing the tank Q, this
comes at the expense of increasing the power consumption in
the VCO to raise the level of output power necessary to drive
the ILFD.

Matching the oscillator and divider center frequencies is an-
other issue in the design of mm-wave PLLs based on ILFD.
To understand this limitation, let us re-examine Fig. 1, where
the “phase locking” mechanism in a frequency synthesizer in-
volves aligning the output phase of the divided or “down-con-
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Fig. 2. Triple push operation.
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verted” VCO signal with the phase of a reference clock. In
theory, ILFDs can be considered as an oscillator with a specific
phase condition between the injected signal and its free running
frequency along the locking range. Thus, fundamentally, having
a mm-wave oscillator followed by an ILFD in a PLL loop is
basically equivalent to having two independent oscillators that
are oscillating at two different frequencies and attempting to
achieve locking condition. Published design techniques to mit-
igate the mismatch effect include driving the VCO and the in-
jection locked divider using the same control voltage [10] as
well as off-chip and on-chip calibration of the divider control
voltage [6], [7]. Recent millimeter-wave PLLs using ILFD have
reported a tuning range between 320 MHz to 4.6 GHz [6]-[10],
[24], [25], which is not sufficient to cover the whole ISM band
at 60 GHz. Other techniques use multiple oscillators to cover
the required operating band [21]. Frequency multipliers that
follow a lower frequency PLL-stage have also been reported
[11], [12], [22]. The advantages and limitations of PLLs based
on frequency multipliers are discussed in Section III.

III. N-PUSH OSCILLATORS AS COMBINED
OSCILLATORS/DIVIDERS IN MMW PLLS

N-push oscillator topologies are a special class of coupled
oscillators that explore symmetry to generate the /Nth harmonic
frequency signal. This is done by coupling NV oscillators either
through a ring based network or through a star network. When
individual coupled oscillators are synchronized with a progres-
sive phase distribution of 27 /N rad, the combined output will
have all harmonics up to the order (N — 1) canceled, whereas
the Nth harmonic summed up as shown conceptually in Fig. 2.
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Fig.3. (a) MMW PLL employing combined VCO/divider, (b) using triple push
oscillators as combined VCO/divider with the potential of tripling the effective
tuning range of the core oscillator.

Now, in the light of the discussion in Section II, let us consider
the N-push oscillator (for example N = 3) in a given mm-wave
PLL as shown in Fig. 3. In this scenario, the N-push oscillator
is analogous to a combined oscillator/ILFD, where the phase
locking condition is intrinsically satisfied due to the coupling
between the oscillators in the N-push operation. In addition, the
“divided” signal is already present at the output of the funda-
mental oscillator. For example, in the case of the shown 3-push
60 GHz oscillator, a 20 GHz signal is available from the core os-
cillators which enables the direct use of just static dividers with
wide operation range compared to Miller or additional injection
locked dividers in the PLL chain. Avoiding the division process
results in maintaining almost complete tuning range of the VCO.
This is in contrast to the VCO followed by ILFD where any mis-
match between the center frequencies or limited locking range
would result in reduced bandwidth of the PLL [26].

Within the context of mm-wave PLLs, an N-push oscillator
acting as a combined oscillator/divier C-VCO/D has several ad-
vantages. First, since the fundamental signal is generated at one
Nth of the mm-wave signal, the fundamental oscillators have a
better phase noise performance due to higher quality factor var-
actors in the lower frequency range. Second, since the generated
signal is the /Vth harmonic of the fundamental, the output tuning
range is N times that of the fundamental oscillator [Fig. 3(b)].
Finally, as reported in the classic work of York [27] and verified
by Georgiadis et al. [28], the near-carrier phase noise of coupled
oscillators is reduced to 1/N of the unit oscillator, provided that
the coupling network is reciprocal. This behavior is also con-
firmed through phase noise simulations as shown in Fig. 4 at
the fundamental and third harmonic of a stand alone oscillator
compared to fundamental and third harmonic of a triple push
oscillator formed of the same stand alone oscillators. However,
it should be noted that the triple push oscillator in the simula-
tions consume 3 times the power of the stand alone oscillator.
While this might suggest that the increase in power consump-
tion is responsible for the improved phase noise, conceptually,
if we assume that we begin with an already optimized VCO,
one can not get N-push VCO’s improved phase noise perfor-
mance out of the single VCO even if the power consumption is
increased further given the practical limits of the tank parame-
ters. In [29], a coupled oscillator mechanical analogy is used to
show that coupled oscillators are less sensitive to impulsive per-
turbations than individual oscillators. Thus, coupling multiple
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Fig. 4. An example of phase noise behavior at the fundamental and third har-
monic frequencies of a standalone oscillator compared to an oscillator in triple
push configuration under the same operating conditions.

oscillators together improves the timing of noise generators rela-
tive to the oscillation cycle, and an improved noise performance
is expected without additional power consumption.

A. Comparison Between N-Push Oscillators and Frequency
Multipliers in Silicon-Based Technologies

Fig. 5 compares alternative approaches for silicon integrated
mm-wave frequency generators using frequency multipliers
[11], [12], [22] to the proposed approach based on N-push
operation. In the architecture shown in Fig. 5(a) [11], [22], a
frequency synthesizer that operates at ~20 GHz is used to feed
a tuned amplifier, whose operation band is selected at the third
harmonic frequency of the fundamental signal. Thus, the tuned
amplifier boosts the third harmonic signal while it suppresses
other frequency components.

An alternative approach based on the use of frequency triplers
can also be seen in Fig. 5(b) [12], where an external frequency
source that operates at the fundamental frequency (~20 GHz)
is applied to a hard limiter stage to attenuate the fundamental
signal, while boosting third harmonic component. This signal
is injected into an oscillator that operates at the third harmonic
frequency of the fundamental signal. As the oscillator is already
operating at the same frequency, the loop locks to third harmonic
and all other frequency components are suppressed. The oscil-
lator’s output is further amplified by a tuned amplifier.

Finally, the proposed approach is shown in Fig. 5(c), where
three coupled fundamental oscillators generate identical signals
with 27 /3 phase intervals. Thus, the fundamental and second
harmonic rejection is inherent in the triple push operation, pro-
vided that accurate phase matching between the core oscillators
is maintained. This is in contrast to the previous approaches
based on frequency tripler, where the tuned amplifier is respon-
sible for harmonic suppression. While in the case of frequency
triplers in general, a passive network can be used to isolate the
third harmonic, in silicon-based technologies, the output power
at the third harmonic is typically low and a tuned amplifier is
needed to raise the output power to practical limits. This tuned
amplifier can present a trade-off between output power and
tuning range as reported in [12]. However, architectures based
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Fig. 5. Comparison between different harmonic-based architectures for mm-wave signal generation. (a) A 20 GHz PLL followed by a frequency tripler [11],

(b) injection-locked frequency tripler [12], (c) triple push oscillator.

on frequency multipliers are also less sensitive to matching
compared to N-push oscillators.

For phase noise performance, all harmonic-based systems
suffer from phase noise degradation by 20 log(N'), where N is
the harmonic order. This is approximately 9.5 dB for the third
harmonic components. However, the mutual coupling of the
triple push topology shown in Fig. 5(c) improves the funda-
mental oscillators’ phase noise performance by 10 log(N) with
respect to that of uncoupled single ended oscillator [27]. Thus,
triple push oscillator’s third harmonic output has theoretically
a 4.7 dB better phase noise performance with respect to the
former techniques. The main disadvantage of the proposed
topology compared to previously reported approaches based on
frequency multipliers is its single ended operation, which is a
common feature of all N-push oscillators.

IV. ANALYSIS OF TRIPLE-PUSH OSCILLATORS

The operation of coupled oscillator systems in terms of
its various oscillation modes and their stability is tradition-
ally explained using the eigenvalues and eigenvectors of the
impedance/admittance matrix which describes the coupling
network associated with these modes [28], [30]-[32]. While
these approaches are valid, they lack the physical insight into
the oscillation operation. In what follows, the coupling phe-
nomena among unit oscillators in an N-push architecture is
analyzed using nonlinear injection-locking theory. It is worth
noting that a similar analysis has been pursued by York in his
studies on quasi-optical oscillator arrays for beam forming [33].

In this paper, we focus on triple push oscillators rather than
higher order push oscillators such as quadrature-push oscillators
([34], [35]). This is due to the fact that N-push oscillators as in
any harmonic based oscillator rely on harmonic frequency gen-
eration, where the harmonic energy decreases with increasing
the number of harmonics. Thus, additional buffer stages are typ-
ically required to provide a given signal swing, which would in-
crease the power consumption. In addition, lower order push os-
cillators are more amenable to monolithic integration given the

complexity of integrating multiple tanks in a given area. Higher
order coupled oscillators will also have more unwanted oscilla-
tion modes that have to be suppressed. Thus, choosing a triple
push operation would provide a good balance between the signal
power at the oscillator output and the frequency of the core os-
cillator units that will directly feed the divider chain.

Fig. 2 shows the conceptual operation of triple-push oscil-
lators. It is formed of three identical fundamental oscillators,
whose outputs are connected to a common load. To analyze the
coupling between the three oscillators, we use the model shown
in Fig. 6, which is based on the injection-locking phenomenon.
In this model, two of the oscillators act as injection sources,
while the third is represented by its equivalent circuit. For the
given model, (2) can be written based on KCL.

Iinjlejg] + Iinj2€j62 = Ve’ (G1 — Gm)

d

C_
T

t
. 1 .
(V:)sceje) + E/Vosceje dr (2)
0

Equation (2) is difficult to solve and introduces a common
mathematical problem seen in former analyses of systems de-
scribed using injection locking phenomena [36], [37]. This in-
tegro-differential equation can be solved by making various ap-
proximations. In this paper, we use the low-pass filter analogy
and the approximation based on this analogy [36]. Thus, we
multiply both sides of (2) by e=7%:

L €@ 4 L e?®=0 =V (G1 — Gm)

t

dVosc 1 i 1
+ — |e Je/Voscejgd’r )

C
Y o

0

/
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Fig. 6. (a) Equivalent circuit using injection-locking phenomena, (b) possible
oscillation modes under triple push operation.

Under the assumption that the injected signal wjp; is close to
the free running frequency of the oscillator w,,, the expression
F'in (3) can be written as in the following:

Vosc d
e <2wo - %> . “

Substituting (4) in (3) and considering real and imaginary
parts separately, while assuming V5. = IoscQw, L1, the equa-
tions that model the amplitude and the phase dynamics can be
given as

F~

od‘;f:“ V(G — Gm)

~ Tinj1 cos(01 — 0) + Iinj2 cos(f2 — 6) 5)
df Wo Iinjl . Iinj2 .
i wy + @ T sin(f, — 0) + T sin(fy — 0)|. (6)

To find the operation modes of the oscillator, we define
the phase of each fundamental oscillator as 6, = wysct, 2 =
Wosct + 12, and 03 = wosct + 13, where 1p; shows the phase
difference with respect to reference oscillator. The solution sets
for the unknown ;s determine the possible operation modes of
the triple-push oscillator. Substituting ;s in (6) while assuming
that all the oscillators are balanced, we can write the phase
equation for each oscillator. Thus, the following equation set
can be obtained for the coupled system:

Wo Iin' . .
Wose 2 Wo + o= ——"[sin(t2) + sin(v)3)]

2Q IOSC
~ Wo Iinj . .
Wose ™~ Wy + E Iosc [Sln(_dJZ) + Sln(l/}g - ¢2)]
o Iin' . .
Wose ™ Wy + ;_Q Ioch [sin(—3) + sin(y2 — 3)].  (7)

Mathematically, the equation set has several solutions, how-
ever only few of them correspond to unique modes of opera-
tion. For the solution set of {12, 3 = 27/3,47/3}, we obtain
triple-push operation, while {2,ts = 0,0} set shows unde-
sired even-mode or in phase oscillation.
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Fig. 7. Perturbation analysis for studying the stability of triple-push oscillation
mode.

Once the analysis for the fundamental harmonic is completed,
the same analysis can be used to find the steady state phases
of second and third harmonic. Intuitively, we can state that the
second harmonics for the oscillators would have a phase of 9; =
2(wosct+12) and 0;,’ = 2(wosct+13), while the third harmonic
phases would be 9/2” = 3(wosct +12) and Hg/ = 3(wosct +13).
Thus, we obtain the phase portrait shown in Fig. 6(b), which
shows the inherent advantage of triple push operation; third har-
monic boosting with fundamental and second harmonic rejec-
tion. In what follows, we will use the above equations to study
the stability of triple push oscillators as well as their sensitivity
to mismatch.

A. Stability of Oscillation Modes

The above analysis indicates that the oscillator may oscillate
in more than one mode, where each mode would be associated
with different phase sequence. However, not all of these modes
are considered stable. While we show the stability of the triple
push oscillation mode in this section, we will be addressing
how to suppress other potentially stable modes in Section V.
To study the stability of the triple push mode {1, 12,13 =
0,27 /3, 4w /3}, we will use perturbation analysis. Note that the
stability of the oscillator is defined in terms of the phase differ-
ences between the fundamental oscillator units rather than their
absolute values. The phase differences between the oscillators
shown in Fig. 7 can be defined as in the following:

$1=02—061
p2 =03 — 0
¢3 =01 — 0. (8)

To test the stability of the triple-push oscillation mode, we
apply a small amount of phase perturbation f; to each phase
and observe if the perturbation decays as time passes. For this
purpose, we can rewrite each phase as

01 = Woscl + él

02 = wosct—i— 271'/3+ ég

03 = wosct + 47/3 + B3 9)
Thus, (6) and (9) will lead us to equation set (10) and matrix

(11), shown at the bottom of the next page. In (10), the non-
linear terms can be linearized around O as the perturbation is
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considered small enough. Thus, the matrix form given in (11)
that models the stability of the system is obtained. The system
stability can then be checked by inspecting the eigenvalues of
matrix M, which are

AL =0 (12a)
1.125 + 50.64)w, Iini

Ny IJ 0 )& ling (12b)
1.125 — 50.64)woIin:

g S0, (120)

Two of the eigenvalues given in (12) have negative real parts,
which indicates stable oscillations, while the third one is equal
to zero. This result agrees with prior analysis performed by York
[33] on the stability of loosely-coupled N sinusoidal oscillators,
where an N x N stability matrix is obtained for the system and
one of the eignvalues is always equal to zero. This is a result of
the arbitrary assignment of the phase reference, and the stable
solution in this case corresponds to all but one of the eigenvalues
having negative real parts [38].

B. Inaccuracy in Triple Push Operation Due to Mismatches

Mismatch between the three oscillator units comprising
the triple push oscillator causes the reduction in the fun-
damental and second harmonic suppression. It might even
lead to complete suppression of the tripe push operation.
A typical N-push oscillator is formed of an array of core
coupled oscillators, each followed by hard-limited buffer
stage to boost the harmonic level. Thus, the buffer stages
would be insensitive to any amplitude mismatch between
the core oscillator units but fully respond to their individual
phase variations. Mismatch can arise between the three core
oscillations in their respective injection currents, oscillator
currents, and tank resonance frequencies, as well as tanks’
quality factors. Let us assume a reference oscillator and con-
sider the mismatch as that between the reference oscillator
and the remaining two oscillators. Thus, w,1 = w,,we2 =
wo + (Aw) /2, we3 = w, — (Aw)/2. The mismatch in the tank
losses, injection, and oscillation currents can be represented as

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 45, NO. 8, AUGUST 2010

R1=R,R2=R+ (AR)/2R3 =R- (AR)/Q,Iinjl = Iinj-,
Iinjo = Iinj+ (AlLiwj) /2, Iinjs = Linj — (Alinj) /2, Iose1 = Iosc,
Ioch = Iosc + (Alosc>/27 Iosc3 = Iosc - (Alosc)/Qs re-
spectively. We will assume that the mismatches are small
enough that the three oscillators remain locked and oscil-
late at the same frequency. Thus, for the mismatch case, the
phases of the oscillators can expressed as 07 = wysct, 2 =
Wosct + 27 /3 + At)g, 03 = wesct + 47 /3 + A)z. The phase
mismatch terms A1), and Atz can be found by writing (7) for
mismatch case as in the following:

dal Wo1l Iinjl [ . 2m
2, Linj1 A
dt Wor 2Q1 Ioscl _Sln 3 + 1[}2
4
+ sin <§ + Az/;g,ﬂ (13a)
d02 Wo2 Iinj2 [ . 2m
2 _ Zinj2 _2N A
dt Woz 2@2 Iosc2 _Sln < 3 1/)2>
. 27
+ sin <? + Apg — A1/12>} (13b)
d03 Wo3 Iinj3 . 4T
- R A
dt s * 2Q3 IoscB |:Sln < 3 ¢3>
. 2
+ sin <—?—|—A¢2—A¢3>] . (13¢)

The solution to (13) involves additional linearization and sim-
plifications to reach the following compact and useful solution:

210sc Aw
3Iinj Wo ’

AT/)Q’g ~ ?Q (14)

Equation (14) indicates that only the mismatch between the
core oscillators’ free running frequency (w,) causes phase error
in triple push operation, and the circuit by nature is insensitive
to other sources of mismatch at first order. Monte Carlo simu-
lations in Section V and the experimental results in Section VI

will also give more insight into the robustness of the triple push
operation.

dé Wo Iin' 1A A « /A A
d_tl = EIO:C [sin(fy — 01 + 27/3) + sin(f3 — 01 + 47/3)] (10a)
dé Wo Iin' . A A . ~ ~
d_; = EJJ [sin(f; — Os — 27/3) + sin(f3 — O + 27/3)] (10b)
dé Wo Iin' . A A . A A
d—f -0 IJ [sin(f; — 3 — 27 /3) + sin(fy — O3 — 27/3)] (10c)
Ay b5 — 6, - [=15 15 0 01 Ch
% Agy % b3 — 0> | = ;’—Qfﬂ 0 —15 1.5 by | + | Co (11)
Ags 01 — 03 osc | 15 0 —1.5] |6 Cs

~
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Fig. 8. (a) Schematic of Colpitts oscillator. (b) Variation of negative resistance versus varactor capacitance.
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Fig. 9. Schematic of combined VCO/divider.

V. CIRCUIT DESIGN

The N-push operation in the C-VCO/D is satisfied using a
triple push oscillator. The core oscillator in the triple push con-
figuration is based on a Colpitts topology as shown in Fig. 8(a).
The tank varactor controls the tuning range of the Colpitts os-
cillator. However, while determining the required range of var-
actor capacitance C'y for a specific tuning characteristics, one
must also consider the variation in the equivalent negative input
resistance of the circuit R, with Cy,, where R, can be expressed
as in the following:

1 _gm2 + w?(Cys + C,)?

e = RelV(@)] —

w2gmC,y,C, (15

For a given power consumption, the optimum negative input
resistance is obtained when varactor capacitance C,, is equal to
Cys. As can be seen from Fig. 8(b), as C,, reduces below this
point, the input negative resistance decreases rapidly.

The design of MMW colpitts oscillator revolves around the
tank design. The tank inductance Lt is designed for maximum
quality factor, while limiting its sensitivity to the parasitic series
resistance. For a given power consumption budget, the transistor
aspect ratio is selected to exceed a certain transconductance and
guarantee the start up of the oscillator, while the remaining ca-
pacitors determine the operating frequency. The design process
requires many iterations mainly to tolerate the high sensitivity of

VDD
Mn Md Rb | Rs
lunx/sfi’l(Zumlunﬁ >1<2|1m 1200 Q20 Q
Ma Rc Rd |Cgs
o] 13700 | 630 |35
Vtune

the tanks to the parasitics due to low LC budget at mm-wave fre-
quencies. The transistor level schematic of the combined VCO/
Divider (C-VCO/D) is shown in Fig. 9. Three identical core os-
cillators are coupled to each other at source and gate terminals
through the inductor network. The passive coupling network is
selected rather than an active network using common-source
amplifiers or differential amplifiers for two reasons. First, if the
coupling network were implemented using active stages, every
fundamental unit oscillator would require two buffers to inject
its signal to the other two fundamental oscillators. This would
result in a total of 6 buffers for a triple-push VCO just to create
the coupling network, excluding the buffers needed to drive the
output load. This will ultimately increase the circuit complexity
in terms of routing and floor-plan as well as increase the power
consumption. Second, adding the buffers would increase the
parasitic loading on the oscillator cores, which would limit both
the maximum oscillation frequency and the tuning range given
the limited LC budget in the mm-wave range. However, since the
fundamental oscillators are coupled together through common
nodes and the inductor network rather than active buffer stages,
there is no control mechanism to vary the coupling strength,
which is a limitation to the current design.

To avoid even mode oscillation, the loads connected to the
common nodes of the system (R and R.. in Fig. 9) should be se-
lected appropriately. Let us consider the equivalent circuit of the
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Fig. 10. (a) Even mode and (b) odd mode equivalent circuits.
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oscillator system for even mode and odd-mode cases as shown
in Fig. 10. For even mode oscillation, since all the oscillators are
in phase, a single equivalent tank circuit is created as the par-
allel equivalent of the three fundamental oscillators. The load
of the oscillator is connected in series with the tank which will
increase the tank loss. To avoid even mode oscillation, the load
resistance has to satisfy the following condition:

1

561 —3am T ar > "

(16)

For the odd-mode (triple-push) operation, the common mode
becomes a virtual ground and the load resistance does not have
any effect on the oscillation condition, which in this case is
given by

Gl-GEm <0
ZLT//ZCI = Q.

(17a)
(17b)

While the core oscillators are connected together to meet the
phase condition for triple-push operation, the buffer stages im-
plemented using common source amplifiers with resistive loads,
are used to combine and amplify the 3rd harmonic signal. Given
the low output power limitation of harmonic based oscillators,
this additional power boosting is required to enhance the output
signal level. The output buffers are combined in an open drain
configuration and drive the output pad as shown in Fig. 9. Using
octagonal geometry for the output pad, its capacitance is kept
as low as 32 fF. The bandwidth of the output determined by the
pad capacitance together with other parasitics and the 50 2 load
is estimated to be around 80 GHz. In our implementation, the
floor-plan limitations as will be discussed in the next subsection
restricted the employment of a reactive component (inductor)
in the buffer design as the drain load. This has limited the non-
linearity of the buffer stage and reduced the achievable value of
third harmonic power.

To verify the stability of the designed triple push oscillator
and verify the analysis given in Section IV.A, the setup shown
in Fig. 11(a) is used, where the triple-push oscillator is simu-
lated at its steady state for certain period of time and then arbi-
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Fig. 11. (a) Perturbation test simulation setup. (b) Perturbation currents and
oscillator output waveforms.

trary current perturbations are applied to the tanks of each fun-
damental oscillator for a limited time. The output waveforms
shown in Fig. 11(b) show that the system recovers from the tran-
sient caused by perturbation currents. In fact, we observed the
same stable behavior in the measurements of a prior 30 GHz
triple-push oscillator prototype [39].
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Fig. 12. Monte Carlo mismatch simulations showing (a) phase, (b) oscillation frequency, and (c) output power variations.

The effect of mismatch between fundamental oscillators in
60 GHz triple push configuration is investigated using Monte
Carlo simulations. For the shown 50 Monte Carlo runs, although
mismatches between the oscillators created different free run-
ning oscillation frequencies for the fundamental oscillators, all
the oscillators were locked to a single oscillation frequency.
However, for the same initial conditions, the mismatches be-
tween the unit oscillators put the TPO in different submodes, in
which different fundamental oscillators can lead or lag, as long
as 120° (or 240°) phase difference is kept.

As it can be seen from Fig. 12(a), there are two dominant
submodes in this simulation setup with a phase error standard
deviation less than 1 degree. The output frequency variation is
less than 33 MHz around 66 GHz [Fig. 12(b)], while the output
power varies in a range of 0.2 dBm [Fig. 12(c)]. The simulation
results above show the robustness of the triple push operation
against free running oscillation frequency variations between
fundamental oscillators due to devices’ variations.

A. Layout Considerations

Floor planing and layout are extremely critical for mm-wave
frequencies, particularly for the case of the proposed circuit
based on triple-push operation. If we consider the floor plan
shown in Fig. 13(a), where the resonator inductors and source
inductors are grouped separately, the interconnect length in this
case is comparable to the resonator inductor and the circuit tends
to occupy large area. In addition, its connection to the output
RF pad becomes problematic. The second floor plan shown in
Fig. 13(b) uses the technique of nested inductors [14], thus the

interconnect length and die area are greatly reduced and the
RF pad can be connected directly to the output node. The top
two metal layers are used to realize the resonator and source
inductors. Extensive EM simulations are performed to select
the proper layer for the resonator inductor. Although the 8th
metal layer is thicker than 7th metal, according to Momentum
simulation results, 7th metal (Cu) gives better Q with respect
to 8th metal for the same geometry. This can be attributed to
8th metal’s slightly higher sheet resistance and higher sidewall
capacitance. To relax the routing and obtain a more compact
structure, the 8th metal is used for the source inductor. Since
the nested configuration may cause undesired loss due to the
coupling between source and resonator inductors, the resonator
inductor is simulated over a wideband as a stand-alone inductor
and in nested configuration. According to Momentum simula-
tion results, the resonator inductor has a negligible Q loss at
20 GHz as shown in Fig. 13(d).

B. Discussion

The main constituents of the triple push oscillator TPO are the
array of unit oscillators and the buffer stages acting as a signal
combiner. Fundamental oscillators establish the phase condition
required for triple push operation. Any deviation from the target
phase condition would result in reduction in the level of funda-
mental and second harmonic rejection. In addition, since they
dominate the phase noise performance of the TPO, the tank Q
of fundamental oscillators must be maximized. This comes at
the expense of reducing the level of higher harmonic compo-
nents generated in the core. This tradeoff between phase noise
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Fig. 13. Effect of floor planning and the coupling between nested inductors on the performance of passives in the proposed circuit. (a) A simple floor plan that
separates the tank and source inductances, (b) a compact design based on nested inductors with shorter interconnect length, (c) selection of metal layers for tank
and source inductors, (d) deviation of effective inductance and quality factor of tank inductor as a function of the frequency for cases (a) and (b).

Fig. 14. Conceptual description of the independent functionalities and require-
ments of the buffer stage and the core amplifiers in the triple push oscillator.

and output power level at the third harmonic can be resolved
by careful design partitioning, such that the core oscillator units
(inner circle in Fig. 14) are mainly responsible for specific phase
noise performance while the buffer stages are responsible for
boosting the level of output power at the third harmonic. The
buffer stages shown in the outer circle in Fig. 14 should be de-
signed and properly biased such that they operate as highly non-
linear or switching class amplifiers (e.g., saturated class A or
class E stages).

For a given power budget, independent biasing of the fun-
damental oscillators and buffer stages is advised to optimize
the overall performance, given their different functionalities. In

Fig. 15. Die microphotograph.

our current implementation however, the fundamental oscilla-
tors and active combiners are biased from a single source due
to floor-plan limitations. To enhance the output power level, the
bias voltage is set to a higher voltage value than what would be
typically required just to enable the driver stage. However, this
causes the saturation of the signal swing at the fundamental os-
cillators, wasting some portion of the total power consumption
and deteriorating the phase noise performance.

VI. EXPERIMENTAL RESULTS

The triple push oscillator acting as C-VCO/D is imple-
mented in an eight-metal 0.13 ym IBM CMOS technology.
The microphotograph of the fabricated C-VCO/D is shown
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TABLE II
C-VCO/D DESIGN PARAMETERS

Osc. Name Cs L7 19@GHz | Q @19GHz D W
C-VCO/D-1 | Var* 262pH 20.5 120 pm | 5 pm
C-VCO/D-2 | MIM 262pH 20.5 120 pm | 5 pm
C-VCO/D-3 | Var.* 206pH 20.7 100 pm | 5 pm |
C-VCO/D-4 | Var.* 140pH 21.3 80 um | 6 ym
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Fig. 16. The measured tuning range of C-VCO/D-1 as function of bias current.

in Fig. 15. The die is mounted on an FR-4 board and all the
DC and control inputs are applied through bondwires. The
measured single ended mm-wave output is taken from open
drain buffers supplied through off-chip bias-T, as shown in
Fig. 9. Agilent E4448A spectrum analyzer in conjunction with
an Agilent 11970U/11970 V down-conversion mixer are used
to test the C-VCO/D’s output. Four different C-VCO/D with
three different inductors are realized as shown in Table II.
The different versions are used to characterize the interaction
between tank design, layout and oscillator performance in
terms of tuning range and phase noise as well as account for
any modeling inaccuracies.

Fig. 16 shows the tuning characteristics of C-VCO/D-1 for
different bias currents at VDD = 1.2 V. The tuning range trend
seen in the figure is also observed for other supply voltages.
The relatively low tuning range of C-VCO/D-1 can be explained
using two possible scenarios. First, since this version has the
highest inductor values, the fundamental oscillator cores suffer
from higher parasitic magnetic coupling such that distant free
running frequencies from the core oscillator units are gener-
ated. This mismatch can limit the triple push operation range
and the corresponding tuning range. Another possible reason is
again related to the inductor size and it may also explain the
reduced tuning range for the higher current levels. As the gate
bias increases, the core oscillator swing reaches high levels ear-
lier with respect to other versions due to the increased inductor
size, while the buffers still require more bias current for a rea-
sonable performance. Given that both the oscillator units and
buffer stages share the same gate bias terminal (Vbias), by in-
creasing the biasing level to reach higher output power, the core
swing is forced to its limits, generating other frequency com-
ponents that may disrupt the triple push operation and drive the
oscillator out of lock. This clearly shows the importance of re-
ducing the parasitic magnetic coupling between core oscillators
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Fig. 19. Measured output power over tuning range for C-VCO/D-4.

through careful layout as well as providing independent bias
for the core circuits and the combiner buffers as discussed in
Section V.B.

Fig. 17 shows the tuning behavior of C-VCO/D-3 and
C-VCO/D-4, with C-VCO/D-3 having VDD = 14V,
Teore = 20 mA, Iyuger = 15 mA, while C-VCO/D-4 has
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Fig. 21. (a) Measured and (b) simulated phase noise of C-VCO/D-2.
VDD = 15V, I.ore = 17 mA, and luger = 18 mA.

C-VCO/D-3 has a tuning range of almost 10 GHz which
covers all the ISM band, leaving margins at both ends for
possible process variations and temperature changes. For the
same setup, the deviation of output power with control voltage
is given in Fig. 18 for C-VCO/D-3 and Fig. 19 for C-VCO/D-4.
The change in output power as function of the control voltage
is explained as follows; as the control voltage varies from 0 V
to 1.6 V, a peak output power is observed around 0.6 V control
voltage, while the output power for the high end of the control
voltage is lower than that for the low end. The output power of
the fundamental oscillators and thus the triple-push oscillator
are determined by parallel equivalent resistance of the tank and
the equivalent parallel input negative resistance of the oscil-
lator. The parallel equivalent loss resistance of the tank slightly
varies from 300 ohms to 320 ohms as the tuning voltage varies
from 0 V to 1.6 V. The deviation of the parallel equivalent loss
resistance is determined by the varactor, whose quality factor is
low for 0 V control voltage and has its highest value at 1.6 V.
Thus, as far as the contribution of the tank is concerned (ig-
noring the contribution of all other parameters), we expect the
highest output power to occur at a control voltage = 1.6 V.
However, when it comes to the contribution of negative resis-
tance cell, in contrast to cross-coupled oscillators, the negative
resistance of the Colpitts oscillator is not constant over the
frequency spectrum and its value changes as a function of the

Phase Noise [dBc/Hz]
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(b)
varactor settings. The negative equivalent parallel resistance of

the active part is given in (15) and shown in Fig. 8(b). The best
input negative resistance is obtained when varactor capacitance
(CV) is equal to gate-source capacitance (Cgs). Any value of
varactor below or above Cgs degrades the negative resistance
as shown in Fig. 8(b). In fact, the characteristic of the negative
resistance deviation agrees with the deviation of the output
power and reveals the mechanism that causes such a variation
in the output power. Although the parallel equivalent loss
resistance of the tank slightly improves and will increase the
output power as the control voltage increases, ultimately, the
considerable deviation of input negative resistance dominates
and determines the characteristic of the output power varia-
tion overshadowing the effect of the parallel equivalent loss
resistance of the tank.

The fundamental rejection performance based on extracted
simulation results varies between +6.7 dB ~ 410.5 dB and
—6 dB ~ +5 dB for C-VCO/D-1 and C-VCO/D-4, respectively.
The relatively low rejection performance of C-VCO/D-4 can be
attributed to its higher operation frequency, which is almost 30%
higher than that of C-VCO/D-1. As the operation frequency in-
creases, the impedance between the common nodes of the triple-
push oscillator and ground becomes lower, boosting even mode
operation and degrading triple-push operation. This change in
coupling between fundamental oscillators due to the common-
node impedance variation deteriorates the fundamental rejection
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TABLE III
STATE-OF-THE-ART MM-WAVE OSCILLATORS IN SILICON TECHNOLOGIES
vVCO fo TR PN“ P (core+buffer) VDD Area Tech
[GHz] [%] [dBc/Hz] [mW] [V] pmxpm
H. Wang [16] 49.5 2.21 -99.7@ 1M 13+4 1.3 519x390 | 0.25pm CMOS
M. Tiebout [17] 51.2 1.39 -85@1M 1+8.25 1 500x900 | 0.12pm CMOS
C.Cao [40] 56.5 10.27 -108@10M 9.8+48 1.5 500x480 | 0.13pm CMOS
F. Ellinger [20] 56.5 14.70 92@1M 21¢ 1.5 300x250 | 90nm SOI CMOS
D. D.Kim [41] 70.2 9.55 -106.1@10M 5.4+4.75 1.2 60x457 65nm SOI
Borremans [42] 62.1 10 95@1M 3.9+3.8 1 85x507 0.13ym CMOS
59.1 10.2 91@1M 3.9+3.8 1
Lianming [43] 58.4 9.32 91@M 8.1¢ 0.7 96x807 90nm CMOS
61.7 4.81 90@ 1M 1.2¢ 0.43
T. Nakamura [44] 52.5 26.5 -108@ 1M 132¢ 3 400x420 | SiGe BiCMOS
N. Pohl[45] 81 29.6° 97@ 1M 240¢ 5 - SiGe Bipolar
This Work (C-VCO/D-3)/(C-VCO/D-4) | 60/67.8 | 16.6/13.6 | NA/-95@10M | 33.6+36.4/18+24.6 | 1.4/1.5 520x330 | 0.13um CMOS
a. Best-case phase noise within the tuning range, b. with approximately 1.5-9V tuning voltage range, c. Information about the buffer is not available, d. area without bond

pads.

performance. Changing the buffer design by employing induc-
tive loads will improve the fundamental rejection performance
by boosting the third harmonic power. In a prior publication on
30 GHz triple push oscillator [39], we reported up to 18 dB fun-
damental rejection using inductively loaded buffers.

The phase noise at the band edges and at the center of tuning
voltage for C-VCO/D-4 is characterized as seen in Fig. 20. For
a 1.5 Vsupply and I.ore = 17 mA, Ihuster = 18 mA, the phase
noise is —91 dBc/Hz at 10 MHz offset from the 63.2 GHz car-
rier. Similarly, for the same supply and for /.o;e = 12 mA,
Tyuffer = 16.4 mA, the phase noise is —95 dBc/Hz at 10 MHz
offset from the 72.4 GHz carrier. When using a MIM capacitor
rather than a varactor as the case in C-VCO/D-2, the phase noise
performance is better as seen in Fig. 21 which shows the mea-
surement result for VDD = 1.4V, I.ore = 24 mA, Thuffer =
26 mA. According to measurement results, C-VCO/D-2 has a
phase noise of —97.1 dBc/Hz at 1 MHz offset from the carrier,
while the simulated phase noise is —98.1 dBc/Hz for the same
bias setup. Considering the noisy supply, it can be stated that
the simulations and measurement result are in good agreement
with 1 dB error range.

Table III compares the performance of the 60 GHz triple
push oscillator with published results to date. While the power
consumption is higher than other designs implemented in
CMOS technology, the proposed oscillator can function as
both an oscillator and divider in a typical phase locked loop.
Thus, its power consumption should be compared to the
power of the combination of oscillator and injection locked
frequency dividers. In addition, by modifying the design to
have independent bias for the core oscillator units and the
buffer stages as shown in Fig. 14, lower power consumption
or higher output power for the same power consumption can
be achieved. According to Table III, the proposed design has
the best tuning range among the examples implemented in
standard CMOS technologies. While [44] and [45] outperform
the tuning range of the designed VCO, both suffer from high
supply voltage, power dissipation and wide range of control
voltage requirements.

VII. CONCLUSION

This paper proposes the use of N-push operation for com-
bining the functions of the VCO and dividers in the mm-wave

frequency range. If employed in a PLL, the combined VCO/di-
vider (C-VCO/D) would potentially provide wider tuning range
than traditional mm-wave PLLs employing injection locked fre-
quency dividers, thus exploiting the full range available in the
60 GHz band (57 GHz-64 GHz). The behavior of triple push os-
cillators based on injection locking theory is analyzed to study
their various oscillation modes, their stability and the effect of
mismatch on the oscillator performance. Design guidelines are
provided for boosting the third harmonic power at a given power
budget. Measured results from multiple versions of the triple
push oscillator in 130 nm IBM CMOS technology were pre-
sented to validate our findings. The use of N-push operation
would facilitate the development of new circuit techniques for
mm-wave circuit applications that efficiently utilize the wide
bandwidth available and lends itself to operation at even higher
frequency at the mm-wave/THz boundary. It can also be used
in other applications in the mm-wave range such as frequency
dividers, quadrature signal generators, and in phased arrays.
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