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A Low Power V-Band CMOS Frequency Divider
With Wide Locking Range and Accurate Quadrature
Output Phases

Qun Gu, Zhiwei Xu, Daquan Huang, Tim LaRocca, Ning-Yi Wang, William Hant, and
Mau-Chung Frank Chang, Fellow, IEEE

Abstract—A new injection-locked frequency divider (ILFD)
circuit topology, by combining the strengths of LC type ILFD
(LC_ILFD) and ring oscillator type ILFD (RO_ILFD), is pro-
posed to achieve high speed, low power, wide locking range and
accurate quadrature output phases. The frequency-division cri-
terion is analyzed and agrees well with simulation results. The
phase-locking mechanism is also investigated with emphasis on
its resilience to device and circuit mismatches. A prototype is
implemented in TSMC 90 nm CMOS to validate the effective
locking range of 7.4 GHz (53.4 to 60.8 GHz) with 0 dBm input
signal and 5 mW DC power dissipation. The circuit attains the
highest figure-of-merit (dividing frequency/power) to date for
V-band frequency dividers implemented in deep-scaled CMOS
technologies.

Index Terms—Accurate quadrature phase, injection-locked fre-
quency divider, low power consumption, phase noise, RF CMOS,
wide locking range.

I. INTRODUCTION

IDE-RANGE unlicensed ISM band at 60 GHz for
wireless Ethernet and Wireless HDMI (or WirelessHD)
demands high-speed, broadband and low-power frequency
dividers with accurate quadrature output phases for precise and
efficient frequency syntheses in modern radio systems [1], [2],
such as IQ mixing for direct-conversion wireless transceiver,
multi-bands generation by single-sideband (SSB) mixers, etc.
The phase accuracy among quadrature outputs are particularly
challenging for frequency dividers implemented in deep-scaled
CMOS technologies with substantial device offset and circuit
mismatch due to increasing process and lithographic variations.
For high frequency operations, injection-locked frequency di-
viders (ILFDs) are superior to their digital counterparts [3], [4]
in terms of dividing speed and DC power consumption. Never-
theless, none of the traditional types of ILFDs, including both
the Ring Oscillator type ILFDd (or RO-ILFD) [5] and LC type
ILFD (or LC-ILFD) [6], [7] would offer high dividing speed
and wide locking range simultaneously with accurate quadra-
ture phase outputs.

Manuscript received August 23, 2007; revised November 1, 2007. This work
was supported by US DARPA/SPAWAR. Foundry support provided by Sony
through UC MICRO program.

Q. Gu, D. Huang, T. Larocca, N.-Y. Wang, W. Hant, and M.-C. F. Chang
are with the Electrical Engineering Department, University of California at Los
Angeles, Los Angeles, CA 90095 USA (e-mail: qung@ee.ucla.edu).

Z. Xu is with SST Communications, Los Angeles, CA 90066 USA.

Digital Object Identifier 10.1109/JSSC.2008.917517

i N

lu' _c R _c R i [} R

Fig. 1. Traditional ring oscillator based injection-locked frequency divider
(RO-ILFD).

The RO-ILFD, as shown in Fig. 1, is known for its extensive
locking range and relatively accurate output phases attributed
to its close loop circuit architecture. Its maximum dividing fre-
quency is limited by the delay of each stage, which is confined
by the RC' time constant. High voltage gain which is compul-
sory to commence the oscillation demands a high resistive load
R. This in turn restricts the design options of the capacitor, C,
and ultimately limits the maximum operation frequency of the
divider.

By using inductor as load, the maximum operation frequency
of RO-ILFD can be boosted. However, multiple inductors oc-
cupy significant silicon area and the complicated interconnec-
tion and magnetic coupling condition make this architecture
non-attractive. To avoid the design complexity of inductive load
RO-ILFD, [1] proposed a quadrature LC-ILFD, as shown in
Fig. 2. It injects differential input signals into two stand alone
LC cross couple pairs to generate quadrature outputs. Unlike the
traditional D-Flipflop type frequency divider, this LC-ILFD re-
duces circuit parasitics by removing cross couple devices be-
tween | and Q pairs so that it allows enhancing the divider
load inductance and enables it work at higher frequency with
less power consumption. But this LC-ILFD has two disadvan-
tages: limited locking range and poor quadrature phase accu-
racy. It is because the injecting current input has to go through
the common source of the cross-coupled differential pair, which
is with heavy parasitic capacitance. This parasitic capacitance
shunting to ground digests a substantial portion of the injecting
current, so only partial injecting current contributes to the os-
cillation of upper differential pair. Unfortunately, the injection
loss becomes worse as the operation frequency increases and
this resists its application in ultra high frequency domain. To ex-
tend locking range of LC-ILFD, the source shunt-peaking and
power-matching techniques have been employed in [8] and [9]
to enhance the injection efficiency. However, these techniques
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Fig. 2. Traditional LC based injection-locked frequency divider (LC-ILFD).

entail extra passive components and increase the circuit and
layout complexity. Furthermore, this LC-ILFD with two stand
alone dividers has no well-defined loop and renders the divider
more vulnerable to process variations, so it is reluctant to offer
precise quadrature output phases. In addition, the traditional
LC-ILFD will encounter the reduced signal headroom problem
in further-scaled CMOS technologies owing to its stack archi-
tecture.

To overcome the aforementioned deficiencies in conventional
ILFDs, a new circuit topology of Wide Locking Range ILFD (or
WLR-ILFD) with the combined strengths of both LC-ILFD and
RO-ILFD is presented in this paper to offer low power operation,
high dividing speed, wide locking range and accurate quadrature
output phases for V-band frequency synthesis applications.

This paper is organized as follows: Section II presents the
circuit architecture and design criteria of the newly invented
WLR-ILFD circuit topology. Section III analyzes the dividing
mechanism for enhanced locking range and quadrature phase
accuracy. Section IV provides the prototype test results with val-
idated circuit performance and Section V summarizes the work.

II. CIRCUIT DESIGN

As depicted in Fig. 3, the proposed WLR-ILFD comprises a
central loop made of four mixers linked back-to-back between
the drain and source of adjacent nMOS devices and two stand
alone cross couple differential pairs with resonance tank. The
connection points, OIN, OIP, OQP and OQN, are subsequently
wired to differential outputs of two identical cross-coupled
nMOS pairs with loaded tanks to resonate at the desired fre-
quency, which is the sub-harmonic of the input frequency and
similar to conventional LC-ILFDs. The central loop of mixers is
intended to provide the required locking range and quadrature
phase outputs, which is similar to the conventional RO-ILFD.

However, the new WLR-ILFD operates very differently from
the conventional LC- and RO-ILFDs. The input signal is in-
jected to the central loop directly instead of the current source
of the differential pair. This alleviates the inefficient injection
issue of the conventional LC-ILFD when operating at high di-
viding frequency and permits the use of larger size MOS de-
vice in current source with reduced overdrive voltage for DC
biasing. It also helps mitigate the headroom problem in deep-
scaled CMOS under low supply voltage.
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Fig.3. WLR-ILFD with central mixer-loop sandwiched by cross-coupled pairs
with resonance tanks.
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Fig. 4. (a) LC resonator with mixer loop loading. (b) Equivalent impedance at
the resonator output.

Because the differential input signals of IN and IP are injected
to gates of adjacent mixer devices in the central loop, the input
signals with the same polarity (either with IN or IP) are naturally
linked to the gates of diagonal-positioned mixer devices and de-
fines the output phase relation. The output phases along the cen-
tral loop at link points of OIN, OQP, OIP and OQN have been
clearly defined into 0°, 90°, 180° and 270° accordingly. Among
them, the OIN and OIP are tied to the output of the left-hand side
cross-coupled differential pair, and the OQP and OQN are tied to
the right-hand side cross-coupled differential pair, respectively.

By combining unique features of both LC- and RO-ILFDs,
the proposed WLR-ILFD is most suitable to operate at the high
frequency (i.e., 60 GHz) with wide locking range (>7 GHz) and
high resilience to process variations so as to maintain accurate
phase outputs, whose resilience factor is less than 1.7°/1%, and
meet the stringent frequency syntheses requirements in future
multi-gigabit/sec V-band radio systems.
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Fig. 5. Mixer loop loaded by resonance tank. Loop gain > 1.

III. ANALYTICAL MODELS

A. Locking Range

Since the ILFD functions by synchronizing its built-in oscil-
lation to the incident signal, both of its gain and phase relations
must satisfy Barkhausen criteria. Regarding the phase require-
ment, the cross-couple LC resonators must always retain pos-
itive feedback to facilitate the tank oscillation in response to
the incident signals. Regarding the gain requirement, we should
guarantee the contributions from both differential LC resonators
and the central mixer loop to obtain frequency division.

We modeled one of the LC resonators with the mixer loop
load as shown in Fig. 4(a). The small signal equivalent model,
as a simplified analysis model, is used to provide design in-
sights. To ensure the tank oscillates at desired frequencies,
the equivalent output impedance at those frequencies must
be negative initially. As depicted in Fig. 4(b), the impedance
at the output node can be deduced as the parallel combina-
tion of the impedance looking into one mixer device source
(1/gm_rp)) and the impedance looking into one cross couple
device (—1/gm_cc), where g,,_rp and g,,_cc represent the
transconductance of the mixer device and the cross-coupled
device, respectively. Since the impedance of the tank at the
resonant frequency is much greater than 1/g,,,_r. p, the resultant
output impedance becomes —1/¢gm_ccl|1/gm_rp- It must be
negative initially, which implies

gm_cC > Gm_LP (1)

would ensure the oscillation. We choose ¢,,,_cc two to three
times greater than g,,,_r p to achieve sufficient design margin.

The gain of the mixer loop with four identical nMOS mixers
must be larger than one to guarantee frequency division, as
shown in Fig. 5. Taking one of the mixers as an example, Fig. 6
shows the analytical model. The mixer nMOS is driven by an
incident signal v; cos(w;t + «) at the gate to obtain synchro-
nized sub-harmonic outputs at the source as vs cos(w,t + ¢)
and at the drain as vg cos(wot + #). Equation (2) represents
the effective drain loading by paralleling the tank impedance
of (Hy/(1+ j(2Q/wn)(wo —wn)), where Hy = wnLQ,
with the impedance 1/g,,_rp, which is the equivalent load
contributed by the next mixer NMOS.

\-/\ Vg +v;cos(w;t + @)

Vs + v cos(w,t + ¢)

Fig. 6. Model of one mixer for dividing range analysis.
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Fig. 7. Locking range versus injection ratio 7.
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where wy is the tank resonant frequency and w, is the output
frequency. On the other hand, the drain current of the nMOS
mixer can be derived as

Ii=K(Vg+v; cos(wit+a)—Vs—vs cos(wot—i-(/))—Vth)z 3)

where K = 1/2p,Cor,W/L and w; = 2w, for this di-
vide-by-two case. Assuming the frequency components that are
distant from the tank resonant frequency can be filtered out, and
only those near the desirable output frequencies are retained
and expressed as

Li(jw,) = K(—2vs(Vas — Vin) cos(wot + @)
— ;05 cos(w,ot + a — @)
= Re{Kuv,(Vas — Vip)e?“oted? (=2
—ncos(a — 2¢) — jnsin(a — 2¢))} )

where the injection ratio is defined as n = v;/(Vas — Vin)-

To satisfy the Barkhausen criteria for oscillation, the voltage
gain of each mixer element in the mixer loop must exceed unity.
Therefore, the amplitude of the output, the drain voltage (v4),
must exceed that of the input, the source voltage (vs), at the
dividing output frequency. Accordingly, we can get

lva/vs| 21 = |va| = [La(jwo) X Z(jw,)| = [vs| (5)
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Fig. 8. (a) Initial quadrature currents applied to disconnected mixer loop (b) new

By inserting (2) and (4) into (5), we get

HyK(Vgs — Vin)(—2 — ncos2¢ + jnsin 2¢)
Hygm_Lp +J—(wo - wnN)

=1 (6

which determines the locking range of the WLR-ILDF as

Aw _ Hy 7>
on 2Q9 _Lp\/n+ i @)

Analytic inequality of (7) reveals insights for WLR-ILFD de-
sign: Increasing Hy /@, device ¢,,,_r,p, or injection ratio 7 can
effectively improve the locking range. This analysis is further
validated by circuit simulations as shown in Fig. 7. For ex-
ample, the locking range increases initially proportional to /i
and gradually shifts to 7 as the injection ratio increases. When
7) or input signal increases, the results between simulation and
analysis begin to deviate due to small signal model inaccuracy
at large signal situations. However, this analysis method does
predict the trend well and give the intuitive design insight.
Compared with the locking range of Aw = (wn/2Q)(Vi/V,)
deduced for traditional injection locked oscillators [10], the
WLR-ILFD offers enhanced locking range by implementing
sufficiently high Hx gy _rp-

B. Phase Accuracy

Cross-coupled differential pairs may resonate at slightly dif-
ferent frequencies due to circuit mismatches, which is the pri-
mary reason rendering the quadrature output phases deviating
from their ideal values. In this WLR-ILFD, we add a central
mixer loop to mitigate the problem. Assuming one differential
pair resonates at the frequency of wy and the other resonates
at a slightly different frequency of (1 + x)wy, the phase of
output signals from each differential pair (i.e., #; and 65) can
be written, respectively, as

1 = —tan™! 20(wo = wn)
WN
1 2Qwe— (14 x)wn) | 7
fy = —tan (T o + 5" )

(b)

regenerated quadrature current with the mixer loop reconnected.

Where 65 can be further expanded using the Taylor series expan-
sion and ignoring the high order terms when Y is infinitesimal

-1 2Q<wo B

(UN)
wN

1
" 2Q(wo—(14x)wn) |
wo—(1+x)w
1+ ( I+x)wn N )
2Qw,

X —_—
wn(l+x)? o ®X
-1 2Q(wo — (UN)

wN

m
()0 = — tan +3

= —tan

2Qw,
L2
WN

+7r
2

©)

Consequently, we can approximate the quadrature phase devia-
tion Af as
T 2Quw,

A =0y— 0 — = =

1
2 WN ( 0)

This phase deviation without the central mixer loop effect is
essentially equivalent to that of the traditional LC-ILFD. The
equivalent quality factor Q of the resonant tank is about 5, which
is not high for wide locking range and accurate phase consider-
ations.

Nonetheless, the situation changes greatly when taking the
central mixer loop effect into account. First of all, the tank-in-
duced phase deviation causes the phase of resonator current vec-
tors (1;, Iy, I, I,p) to shift correspondingly.

This mixer loop effect may be analyzed by initially discon-
necting the drain of mixers from the central loop [Fig. 8(a)] and
inject phase-shifted initial currents (I;, I;s, I, I 1) to the source
of mixers. As the loop gets reconnected [Fig. 8(b)], regenerated
output current vectors (I;_veg, Iib_reg; Iq_regs Igb_reg) can be re-
lated to initial current vectors by applying the KCL to each node
along the loop:

—_— = = = —
Ii_reg =1I; — Iq = I; + Iqb

— — = — =

Iy veg =1y —Iip = Iy + I

S S S

Iib_reg = Iib - Iqb = Izb + [q

— — = — =
Iqb_rog = Iqb - I; = Iqb + Iy (11



GU et al.: ALOW POWER V-BAND CMOS FREQUENCY DIVIDER WITH WIDE LOCKING RANGE AND ACCURATE QUADRATURE OUTPUT PHASES 995

&

(@

Fig. 9. (a) Phasor distribution of initial quadrature current vectors with phase deviation Af. (b) Phasor representation of the relationships between initial currents

and regenerated currents.

Fig. 9(a) and (b) represents the phasor relationships of original
current vectors (I;, Iy, I, I ), and regenerated current vec-
tors (L _reg, Lib_regs Lq_veg> Igb_reg ), TESpectively. As illustrated
in Fig. 9(b), the angle difference of phasors (a; + as) between
the regenerated current vectors I;_yeg and Iy e, is affected by
the initial tank current phase deviation Af and can be calculated
according to simple trigonometry as

I; + I cos (5 + Af)
V12 + 12+ 210, cos (5 + A6)

(r1 = arccos

I; + I cos (% - Aﬂ)
V12 + 12, + 2L cos (5 — A)

(rg = arccos (12)

and the regenerated phase deviation from the ideal quadrature
value of 7/2 becomes

™
Aerog =01 +a2— -

2
L+1 T LA
= arccos T g €08 ( 2 + )
I+ 12 + 2L cos (5 + A9)
+ arccos L + Iy cos (5 — Af) o
\/1112 + 12, + 2L, cos (5 — AB) 2

(13)

As noted in (13), we must first know the initial amplitude
mismatch between I; and I, to obtain the regenerated current
phase deviation. Since the amplitude mismatch of the current
equals the voltage amplitude mismatch, we can calculate the
current amplitude mismatch based on voltage amplitude mis-
match. The voltage amplitude is determined by the cross cou-
pled pair bias current I};,5, which is proportional to Iyjas Hy -
Hy is the impedance of the tank.

Vi & IpiasHNn = Ipiaswn LQ

Vy & IniasHn = Iniaswn (1 + x)LQ. (14)

Therefore, the initial current amplitude has the same ratio:

I, V,
Z=F=0+x).

1
Lo (13)

When substituting (10) and (15) into (13), the phase deviation
of regenerated currents becomes

Ab,eg
1+ (1) cos (5 +2%2x)
= arccos
\/1+(1+x)2+2(1+x) cos (§+ 20, x)
14+ (14x)cos (%—%X) r
+arccos —5.
\/1+(1+x)2+2(1+><) cos (g—%x)

(16)

The regenerative process iterates and progressively reaching
a final phase deviation of A® which can be closely corre-
lated with the physical circuit simulation results as shown in
Fig. 10(b) by simply fitting the formula of (16) with a constant
factor K as given in (17). The value of K may depend on the
design parameters, including bias conditions, choice of device
sizes and tank characteristics.

AO
1+ (14x) cos (g+%x)
=K< arccos
\/1+(1+x)2+2(1+x) Cos (g+%x)
1+(1+4x) cos (%—Zg%x) -
+ arccos —

2
14 (14x)?+2(1+x) cos (%——fo" X)
amn
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WLR_ILFD Quadrature Phase Deviation
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Fig. 10. (a) Traditional LC_ILFD phase deviation simulation results and analytical model results versus mismatches. (b) Proposed WLR_ILFD phase deviation

simulation results and analytical model results versus mismatches.
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Fig. 11. Measured locking range versus input power.

Since both voltage and current signals share the common
phase relationship, the phase deviation for the final quadrature
output voltage signals should be A® as well.

The superiority of WLR_ILFD in accurate quadrature phase
generation is clearly demonstrated in Fig. 10, where we com-
pare the quadrature phase deviation of the traditional LC-ILFD
and the new WLR-ILFD via the analytical formula deduced in
(17) and the physical circuit simulation based on 90 nm device
models offered by the commercial Foundry. Both analytical and
simulation results consistently confirm about 3 times stronger
resilience of the new WLR_ILFD in quadrature phase devia-
tion (about 1.7° per 1% of circuit mismatch) versus that of the
LC-ILFD (about 5° per 1% of circuit mismatch) in defying the
phase deviation introduced by circuit mismatches.

IV. MEASUREMENT RESULTS

To validate WLR-ILFD topology, one prototype has been de-
signed, fabricated and measured in TSMC 90 nm CMOS tech-
nology. Fig. 11 shows the dividing input frequency range in-
creases versus input power. It is noted that the locking range in-
creases from 700 MHz with —15 dBm input power to 7.4 GHz
(53.4 to 60.8 GHz) with 0 dBm input power. The output signal
levels with 53.4 GHz and 60.8 GHz inputs are about —7 dBm.
Fig. 12 plots the phase noise for both input and output signals,
which shows that the output signal phase noise is 6.33 dB below
that of input phase noise. The reduction exceeds the theoret-
ical value of 6 dB possibly due to spectrum analyzer limited
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Fig. 12. (a) Input signal phase noise at 57.3 GHz. (b) Output signal phase noise
at 28.65 GHz.

power measurement accuracy and phase noise measurement av-
eraging effect. The die photo is given in Fig. 13 with a core area
of 100 pm x 150 pm. Table I compares the performance of
this WLR-ILFD with other state-of-the-art in terms of opera-
tion frequency, locking range, power consumption and Figure
of Merit (F.0.M.), which is defined by the operation frequency
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Fig. 13. Die photo.

TABLE 1
COMPARISONS WITH THE STATE-OF-THE-ART

This

[11] [12] [13] work
. 0.15pm | 0.2um | 0.18um | 0.09pm
Technology GaAs | CMOS | SiGe | CMOS
Operation Frequency 64GHz | 55GHz | 60GHz | 57GHz
Locking Range 2.81GHz | 3.2GHz | 350MHz | 7.4GHz

Power Consumption

(normalized to diff. outputs)* 7.5mW | 10.ImW [ 25.2mW | 2.5mW

FOM (GHz/mW) 8.5 5.45 2.38 22.8

* This work and ref [13] offer quadrature outputs.

divided by power consumption. According to Table I, the pro-
posed WLR-ILFD achieves widest locking range (7.4 GHz),
highest F.O.M. (22.8 GHz/mW).

V. CONCLUSION

A new WLR-ILFD topology for injection locked frequency
divider has been devised to achieve high dividing frequency,
wide locking range and quadrature phase outputs by combining
the strengths of both LC-ILFDs and RO-ILFDs. The dividing
mechanism and quadrature phase accuracy are analyzed and the
results agree well with circuit simulations. A WLR-ILFD pro-
totype is fabricated in TSMC 90 nm CMOS technology and
has realized the highest locking range (7.4 GHz) simultaneously
with the highest dividing efficiency (22.8 GHz/mW) to date for
V-band applications. This topology is also confirmed to be 3
times stronger in its resilience to quadrature phase deviation
than that of the conventional LC-ILFD.
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