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Abstract — This paper presents a capacitive-coupling 
technique for multi-phase oscillators. The proposed 
capacitive coupling techniques can improve the phase noise 
performance while maintain good phase accuracy over wide 
frequency range for multi-phase oscillators. A prototype 
two-phase VCO is analyzed using injection-locking theory 
and implemented to demonstrate the effectiveness of the 
capacitive-coupling technique for low-power and low-noise 
multiple phase clock generation. The 4.3-5.3 GHz two-phase 
VCO prototype was implemented in a 130nm CMOS 
technology and achieved a measured phase noise of -120 to 
-124.04dBc /Hz @ 1MHz offset and a measured phase error 
of 0.23-0.91° across the 1GHz tuning range.

I. INTRODUCTION

Recently multi-phase clock generation attracts attentions for 
emerging technologies such as phase array, beam forming, 
passive mixing, N-path filtering and interleaved data converters 
[1]. The multi-phase signals can be generated from poly-phase 
filters, which are narrow-band, or by dividing a frequency that is 
N-times higher than the operation frequency. Neither technique 
provides multi-phase clocks with low power, low phase noise 
and accurate phase across a wide bandwidth. On the other hand, 
a multi-phase oscillator can be an excellent candidate for 
multiple phase LO generation because of its low phase noise and 
accurate phase across a wide frequency range.   

N differential stages with resistor or inductor load can be 
directly connected as a ring to generate N-phase outputs, yet it
usually ends up with high phase noise. The coupling for N-stage 
LC oscillators can also be implemented using differential CMOS 
stages. However, extra active devices will degrade the overall 
phase noise performance and increase total power consumption.
Therefore, it’s highly desirable to develop passive coupling such 
as inductive coupling or capacitive coupling techniques [2-4],
since passive devices introduce almost no noise to the oscillator.  

This paper proposed a low noise capacitive-coupling (CC) 
technique with embedded controllable phase shifter for N-phase 
oscillators. Section II describes an N-phase oscillator 
architecture using the proposed capacitive coupling technique. 
Then a two-phase prototype, i.e. a quadrature-phase VCO 
(QVCO), is analyzed in detail. Circuit implementation and 
measured data demonstrate the effectiveness of the proposed 
capacitive-coupling technique for low noise multi-phase clock 
generation. 

II. CAPACITIVE-COUPLING FOR MULTI-PHASE VCO 
A. Proposed N-Phase VCO 

The overall phase noise performance of an N-phase CC VCO 
can usually benefit from the coupling since its phase noise scales 
down with the number of coupling stages [5], but at the cost of N 
times of the power consumption. The phase noise of an N-phase 
VCO can be written as ��(∆�) = ��(∆�) − 10��	
  where ��(∆�) is the phase noise of a single-phase VCO. However, the 
noise improvement is based on the assumption that the coupling 
between oscillators doesn’t introduce extra noise. Therefore, a
noiseless coupling technique is desirable to get the maximum 

noise benefit from N-stage oscillator coupling. 
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Fig. 1 A capacitive-coupled N-phase oscillator and  its oscillator core.

Fig. 1 shows the schematic diagram of an N-phase oscillator 
using the proposed capacitive-coupling technique. Conventional 
cross-coupled NMOS VCO is used as oscillator core because of 
its simplicity and popularity in VCO designs. The transistors 
M1,2 inside each oscillator core not only generate gm needed for 
oscillation but also provide phase shifting for multi-phase 
coupling in order to achieve optimal phase noise performance 
and accurate phase relationship. The oscillation signal of each 
oscillator cores is coupled to the gates of the NMOS transistors in 
next stage through the phase-coupling capacitor CPC. The 
cross-coupling capacitor CCC path forms the gm path to maintain 
oscillation for each oscillator core. The effective trans- 
conductance for the cross-coupling path and phase-coupling path 
can be written as 

���������⃑ = ������ + ���
	��,����0.5	��,� + ��� = ����� (1)

����������⃑ = ������ + ���
	��,����0.5	��,� + ��� = ������ (2)

where � = �/2 − �����!"2#$��/	��,�%. From the combina- 
tion of CS and gm1,2, an optimal phase delay can be obtained to 
achieve minimum phase noise and phase error without 
multi-modal oscillation. The signal amplitude in each oscillator 
core can also be optimized such that the total power required to 
achieve the same phase noise can be reduced. In summary, the 
capacitive-coupling technique used in the proposed multi-phase 
VCO serves three purposes: (1) providing a low-noise coupling 
means for multi-phase clock generation, (2) providing a robust 
coupling to maintain good phase noise and small phase error over 
a wide frequency and temperature range, and (3) providing phase 
shift that can eliminate the multi-modal oscillation. As an 
example of the proposed capacitive-coupling oscillator, we 
implemented a CC QVCO prototype RFIC that will be analyzed 
and discussed in the following sections. 
B. A Quadrature-Phase VCO Prototype with Capacitive 
Coupling Technique 

Fig. 2 shows the schematics of the proposed NMOS QVCO 
prototype (CC-QVCO) with embedded phase shifter and 
quadrature-coupling capacitors CQC. The two oscillators are 
coupled to the gates of each other’s NMOS transistors through 
CQC to form quadrature outputs and each oscillator outputs are 
cross-coupled to its own gates through CCC to provide energy for 
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oscillation. This simple capacitive coupling structure serves the 
purpose of both quadrature coupling and cross coupling which 
helps save power consumption and improve noise performance. 
Many QVCO topologies suffer so-called bi-modal oscillation, 
the phenomenon that the QVCO outputs lack deterministic phase 
relationship, resulting either +90° or -90° relationship. The 
common remedy to avoid bi-modal oscillation is to introduce 
extra delay using differential phase shifter stages but with the 
penalty of increased power and complexity [6]. The intrinsic 
phase shifter inside the proposed capacitive-coupling oscillator 
core can also help avoid the bi-modal oscillation problem. 
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Fig. 2 A QVCO prototype with the proposed capacitive-coupling oscillator core.

C. Simplified Model and Oscillation Modes of the CC-QVCO   
The operation of the proposed QVCO is different from 

conventional structure since both the cross-coupling signal and 
the quadrature-coupling signal are coupled to the gates of the 
negative-gm transistors. Fig. 3(a) shows the equivalent model of 
the CC-QVCO, where m is defined as the ratio of GMC��������⃑ /
GMA��������⃑ = �&�/��� . By assuming that the output signals are 
differential and �' = �&� ∥ ��� , the equivalent capacitor loading 
the tank can be readily obtained 

�EQ = -� + -3�(467 − 468) = �&� ∥ ��� = �' (3)

Thus, the total tank capacitance becomes � = �9 + �'. The 
QVCO model can be further simplified to Fig. 3(b), where noise 
contribution from gm transistors is modeled.

The behavior of quadrature coupling effects for QVCOs can be 
analyzed with injection locking theory. Similar to the derivation 
of generalized Adler’s equation [6], we assume that the trans- 
conductors commutate currents upon the zero-crossings of the 
input voltages. By applying the generalized Adler’s equations to 
the two oscillators as shown in Fig. 3(b), we can get 

dθ6dt = ω$ + ω$2<
�>!� − ?sin (θ6 − θ& − �)
���� − ?cos(θ6 − θ& − �) (4)

dθ&dt = ω$ + ω$2<
�>!� + ?sin (θ& − θ6 − �)
���� + ?cos(θ& − θ6 − �) (5)

@� dA6dt + A6 = IRB���� − ?cos(θ6 − θ& − �)C (6)

@� dA&dt + A& = IRB���� + ?cos(θ& − θ6 − �)C (7)

where ω$ = 1/√��, θ6  and θ& are the phases of the two cores,
Q is the quality factor of LC tank, A6  and A&  are the signal 

amplitude of i-VCO and q-VCO. To simplify the derivation, the 
fundamental harmonic current from the hard-limiting 4/πIB is 
simplified to I where IB is the total current of each VCO core. 

CQC

CCC

CCC

CQC

CQC

CCC

CCC

CQC

GMI GMQ

VI+

RP RP

VI-

VQ+

VQ-

LT CT LTCT

I1

I2

I3

I4

(a)
-1

GMQejϕ 

R CL

VQejθQiTOTQ

Vn,GMQ

GMIejϕ

R CL

VIe
jθI

m m

iTOTI

C=CT+CX

Vn,GMI

L=LT R=RP

(b)
Fig. 3(a) Equivalent CC-QVCO model for load capacitance calculation, and (b) 
simplified CC-QVCO model for quadrature- coupling and phase noise analysis.

Bi-modal oscillation also exists in the proposed CC-QVCO 
and the stable phase relations of θ6 − θ& can be ±90°. By using 
perturbation analysis [5] and assume that the two oscillators are 
perturbed as θ6 = #FGH� + θJ6  and θ& = #FGH� + θJ& ± �/2 ,
where KθJ6K , KθJ6K ≪ 1 , we know that the first +90° mode is 
conditionally stable when ? > sin (2�). Fortunately the -90°
mode is unconditionally stable since the coefficient on the right- 
hand side of the 2nd mode differential equation is always negative d(θ6 − θ&)

dt = − ω$<
?� + ?sin(2 �)

(���� + ?sin�)�NOOOOOOPOOOOOOS
�/TU

"θJ6 − θJ&% (8)

where the magnitude of the damping time constant VW indicates
the QVCO’s capability to suppress noise and phase error. The 
smaller the value of VW, the faster is the QVCO to recover from 
disturbance. Fig. 4 shows the VW versus coupling strength m and 
phase shift � . Obviously strong coupling strength and large 
phase shift benefit the QVCO’s suppression of phase error.  

Fig. 4 Damping time constant of the CC-QVCO with phase shift and m 
(f0=5.0GHz and Q=10).

The bi-modal oscillation problem can be easily avoided by 
keeping m < sin (2�)  across all PVT variations with some 
margin. All the following analysis is based on the assumption 
that the QVCO is always stable at the 2nd mode with θ6 − θ& =
−90°. The oscillation frequency for the two oscillators under 
locked condition can be written as 
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ωFGH = ω$ + ω$2<
�>!� + ?cos�
���� + ?sin� (9)

AFGH = R × I(���� + ?sin�) (10)
D. Analysis of the Phase Noise and Phase Error  

Another important aspect of quadrature VCO is phase noise 
optimization and phase error reduction. We will use the model 
shown in Fig. 3(b) to find out the impact of coupling strength and 
phase shift on the phase noise performance. By applying the 
generalized Adler’s analysis to the simplified model and going 
through some derivations based on the equations obtained so far,
we can get the total phase noise expression for the CC-QVCO as 

�(∆#)&Y�Z = 10log [ \]@
2^FGH� _�`a,&Y�Z b ω$<∆#e�f (11)

_�`a,&Y�Z = 1 + b�>!� + ?cos�
���� + ?sin�e� + h b cos�

���� + ?sin�e�
(12)

where h is the body effect parameter.
It is well-know that the phase noise for a single-phase VCO 

can be expressed as [6] 

�(∆#)�Y�Z = 10log [\]@
4^$�

(1 + h) b ω$<∆#e�f (13)

where A0=I·R is the amplitude of single-phase VCO signal.
In the above two noise equations, the noise contribution from 

current tail is neglected based on the assumption that the current 
tail has been optimized with least noise contribution. Fig. 5 
shows the CC-QVCO phase noise normalized to its single phase 
counterpart (SVCO). QVCO phase noise is usually 3dB better 
than that of the SVCO, yet the improvement gradually disappears 
for large coupling factor m if the phase delay is 0. When extra 
phase delay is introduced, phase noise can be further improved 
beyond 3dB by properly tuning the factor m and delay, which 
provides flexibility to achieve better phase noise and phase 
accuracy. The phase noise for ? = 0 and � = 0 here doesn’t
represent the phase noise of SVCO because it assumes that the 
phase error in any of the two oscillators spreads into two cores 
for QVCO analysis. The best QVCO noise improvement 
compared with its SVCO approaches 6dB when m is close to 1 
and phase shift close to 45°, which is an extra 3dB better than the 
inherent 3dB noise improvement from QVCO’s twice power.  

Fig. 5 Minimum noise ratio of FQVCO/FSVCO versus phase shift and m. 

The mismatches between the two oscillator cores will cause 
quadrature phase error and amplitude mismatches. Phase 
inaccuracy is of more importance since amplitude mismatch is 
usually negligible after going through amplitude-limiting buffers. 
The mismatches of LC tank, coupling factor m, and phase shift �
between the two VCO cores is the dominant source for 
quadrature phase error. Let’s denote the mismatches as follows: 

#$,6,& = #$ ± ∆#/2 , ?,6,& = ? ± ∆?/2 ,  �,6,& = � ± ∆�/2 ,
<,6,& = < ± ∆</2. By inserting these mismatches into equation 
(4) and (5), the phase error of ∆k = k6 − k& + �/2  can be 
obtained as 

∆k = < (���� + ?�>!�)� + 12< [? + 0.5 sin 2�(1 + ?�)]
?(? + �>!2�)

∆#
#$

+ ���2�
? + �>!2�

∆?
2? + 1 − ?�

?(? + �>!2�)
∆�
2�

− ? + 0.5 �>! 2� (1 + ?�)
?(? + �>!2�)

∆<
2<

(14)

Fig. 6 Phase error response to different mismatches (m=0.6, Q=10). 

Fig. 6 shows the analytical phase error response to different 
categories of mismatches with m and phase shift. The phase error 
caused by mismatches of ∆<, ∆?, and ∆� reaches their minima 
when phase shift approaches 45°. Large coupling strength m and 
phase shift of 45° can help improve both the phase noise and 
phase error performance, but it will degrade effective 
transconductance and thus require higher power consumption. 
Therefore, m=0.6 and � = 30°  are chosen after the trade-off 
between power consumption and phase noise/phase error. This 
choice also leaves some margin to allow only one stable 
oscillation to avoid bi-modal oscillation because ? = 0.6 <�>!(60°) = 0.866. 

Fig. 7 Comparison phase error and phase noise for CC-QVCO and TS-QVCO 
(1% capacitor mismatch is artificially introduced into the LC tank). 

E. Comparison with TS-QVCO Over Temperature Variation 
QVCO with top-series quadrature coupling technique 

(TS-QVCO) [4], featuring of low noise, small area cost, good 
suppression of 1/f noise, and compact implementation, is 
implemented for comparison. The coupling factor mTS, defined 
as the ratio of top-series transistor size to cross-coupling 
transistor size in the TS-QVCO, was chosen as 2. Simulation 
results of the phase noise and phase error with temperature range 
of -45~125℃ is shown in Fig. 7. The proposed CC-QVCO 
demonstrates better performance tolerance to temperature 
variation than the TS-QVCO structure.  
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III. IMPLEMENTATION AND MEASURED RESULTS

To evaluate the performance of the proposed capacitive- 
coupling technique, three oscillators (CC-QVCO, SVCO, and 
TS-QVCO) were implemented using LC tanks with L=1.12nH 
and Q=16. The core areas for three oscillators are as follows: 
ACC-QVCO=ATS-QVCO=1.0×0.35mm2 and ASVCO=0.35 ×0.5mm2.
Die photo of the oscillator prototype RFIC is shown in Fig. 8.
Diode varactors was used to achieve fine tuning because of its
higher Q-factor than that of MOS varactors and 2-bit MIM 
capacitor array are utilized for coarse tuning. All the three 
prototypes have measured frequency tuning range around 20%.  

Fig. 8 Measured IR, and die photo.

The measured phase noise of the SVCO and the CC-QVCO 
are shown in Fig. 9. The CC-QVCO achieves a phase noise of 
-124.04dBc/Hz @ 1MHz offset which is 4dB better than its 
SVCO core and 3dB better than its TS-QVCO counterpart. The 
CC-QVCO phase noise at other offset frequencies is also about
3-4dB better than that of SVCO and TS-QVCO, except at large 
frequency offset where the noise floor exists. The measured FoM 
and FoMT (considering tuning range) for the CC-QVCO are 
187.4 dBc/Hz and 199.9dBc/Hz @ 1MHz offset, respectively. 
To measure the quadrature phase error accurately, a 4-stage 
passive poly-phase filter with symmetrical floor plan and an 
up-conversion mixer are implemented. Assuming all the phase 
error was caused by the QVCO, which is a pessimistic measure, 
the measured image rejection (IR) ratio can be used to evaluate 
the worst case quadrature phase error. Fig. 8 shows a measured 
spectrum with 54dB IR ratio that is equivalent to 0.23° 
quadrature phase error. The IR ratio across the tuning ranges of 
the four sub-bands is measured in the range of 42-54dB for 
CC-QVCO, as shown in Fig. 10, which corresponds to phase 
errors in the range of 0.23-0.91°. Performance summary and 
comparison with the prior art QVCOs is given in Table I. The 
proposed capacitive coupling provides an effective technique for 
coupling multi-phase VCO cores with even reduced phase noise 
and phase error over wide frequency range. 

IV. CONCLUSIONS

A capacitive technique for multi-phase oscillator with noise 
reduction and phase error improvement is proposed. An N-phase 
CC oscillator improves the phase noise by roughly 10��	
 dB. 
A prototype CMOS CC-QVCO demonstrates noiseless coupling 
with 4 dB lower phase noise than its single-core VCO 
counterpart. The implemented QVCO achieved a measured 
phase noise of -124dBc/Hz with a FoMT of 199.9dB and 
0.23-0.91° phase accuracy across the tuning range of 21.4%.
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Fig. 9 Measured phase noise of CC-QVCO and SVCO.

Fig. 10 Measured quadrature phase error and frequency tuning range of the 
CC-QVCO versus tuning voltage.

Table I Performance summary and comparison with prior art QVCOs. 
This Work [2] [5]

Structure CC-QVCO SVCO TS-QVCO Common-Source 
Coupling BS-QVCO

Technology 0.13µm CMOS 0.25µm Bi-CMOS 0.35µm CMOS
Power Supply (V) 1.2 1.5 1.3

Current (mA) 8.5 4.6 9.0 2 16
Frequency Range 

(GHz) 4.3-5.27 4.3-5.35 4.1-4.9 1.75-2.1 1.91-2.27

Relatively Tuning 
Range 21.4% 21.8% 17.8% 18.2% 17%

Phase Noise 
(dBc/Hz@1MHz) -124.04 -121.05 -120.09 -124 -140@3M

Phase Error (°) 0.23~0.91 NC 2.9 NC 0.6
FOM (dBc/Hz) 187.4 187.2 184.5 186 184
FOMT (dBc/Hz) 199.9 199.8 196.2 195.7 195.2

Area (mm2) 0.35 0.175 0.35 0.625 1.26

FoM = 10 log z{|}
∆|~

� ���
� � − L(∆f), FoM� = FoM + 10log ���(%)
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