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Abstract— This paper presents a novel coupled oscillator RFIC
for multi-phase clock generation. The design achieves low phase
noise while maintaining strong coupling among oscillator cores.
The proposed transformer-based dual-tank topology forms a loop
of coupling path for enhanced multi-phase coupling. To facilitate
strong magnetic coupling among oscillator cores, the proposed
transformers utilize resonant inductive coupling to enhance the
voltage swing at the coupled wing. The phase noise optimization
is accomplished by leveraging the adaptive biasing feedback
and the enhanced dual-tank technique. The behavioral model
based on Alder’s equation as well as the analysis of the tank
response is given. Full electromagnetic (EM) modeling involving
all transformers and the passive interconnecting routes has
been performed using the EMX software in order to ensure
that simulated performance reflects measurement environment.
The prototype RFIC of the proposed circuit with eight phases is
implemented in a 65-nm CMOS radio frequency (RF) silicon on
insulator technology. The measured phase noise is −124.3 dBc/Hz
at 1-MHz offset from 2.41 GHz with 7-mW power consumption
per core, and the operating frequency can be digitally tuned from
1.81 to 2.41 GHz. The phase noise can be further improved to
−128.2 dBc/Hz at 1-MHz offset from 2.41 GHz by increasing the
power consumption to 15 mW per core.

Index Terms— Coupled oscillator, dual-tank technique, impulse
sensitivity function (ISF), multi-phase generation, transformer.

I. INTRODUCTION

MULTI-PHASE clock generation has gained popularity
due to its widespread applications in numerous crit-

ical radio frequency (RF) blocks such as the N-path filter,
the sub-harmonic mixer, the interleaved analog-to-digital
converter (ADC), and the clock and data recovery (CDR)
circuit. Instead of creating four phases using a common
quadrature oscillator topology, an oscillator architecture that
can generate more than eight phases with good performance
is highly desired. Current approaches to multi-phase clock
generation such as the ring oscillator, the poly-phase filter,
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and the frequency divider are ruled out as a viable candidate
due to their following set of problems: poor phase noise of
the ring oscillator, narrow bandwidth of the poly-phase filter,
and the need for a high-frequency source for the frequency
divider. The coupled-oscillator topology as the best candidate
for multi-phase clock generation has been investigated and
enhanced over the past decade due to its two intrinsic advan-
tages: 1) the number of phases can be easily expanded by
adding an extra oscillator core to the loop [1] and 2) the
phase noise, regardless of the degradation caused by the
coupling technique, can be improved theoretically by a factor
of 10 log10 N [2], [3], where N is the number of coupled
oscillator cores. That is, as the number of oscillator cores
increases, the phase noise can be further reduced.

Most publications have focused on two major types
of coupling strategies: 1) active coupling and 2) passive
coupling, which includes capacitive and magnetic coupling.
The conventional active coupling utilizes additional tran-
sistors for coupling; therefore, it suffers from extra noise
and increased power consumption introduced by these active
devices [4]. The most recent active coupling techniques such
as back-gate coupling [5] and bulk injection coupling [6] can
partially solve the problems; however, they still suffer from
either the weak coupling strength or the poor phase noise.
The capacitive coupling, on the other hand, uses additional
capacitors for coupling, and can couple the oscillator cores
with less noise degradation and less power consumption
penalty [7]. However, an ultra-high coupling strength often
results in degraded phase noise and decreased oscillation
frequency, because additional large capacitors are required.
Ultimately, the magnetic coupling is realized using a trans-
former, which is a part of the oscillator circuit, and thus,
does not need an additional die area. However, most of the
transformer-based coupling techniques [8], [9], which can
achieve good phase noise or strong coupling, are not able
to expand to higher number of cores due to the limitations
in their topologies and floor plans. In addition, the design
of the transformer-based coupling requires a careful electro-
magnetic (EM) modeling in order to ensure close correlation
between simulation and measurement. Moreover, compared
to the active and capacitive couplings, another advantage of
the transformer-based magnetic coupling is that the coupling
path is embedded in the transformer itself; unlike the other
two coupling mechanisms, where coupling-related routing is
required among oscillator cores. These routings will increase
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Fig. 1. Proposed multi-phase coupled-oscillator topology and its unit
oscillator core.

implementation challenges as the number of oscillator cores
increases, because a symmetric layout is necessary to ensure
an equal coupling strength and identical interconnecting routes
among cores.

To properly utilize the advantages of the magnetic coupling
technique, and achieve its promising performance, this paper
presents a novel magnetic coupling topology with adaptive
biasing feedback [10] and resonant inductive-coupling tech-
niques [11], which convert the conventional dual-tank oscil-
lator structure to the one based on the transformer so that
both the strong coupling strength and the optimization of
phase noise can be achieved simultaneously. Furthermore, the
proposed transformer-based oscillator topology facilitates a
symmetric floor plan. In addition, using the EM modeling
tool, all passive routing is carefully laid out in order to
minimize undesired coupling. In Section II, the general idea
of the proposed architecture, including the schematic, and
the theoretical and behavioral models, will be introduced.
In addition, a brief discussion on the coupled-oscillator system
will be provided. In Section III, the circuit design details will
be introduced; especially, for the transformer and the passive
routing. The measured results will be presented in Section IV,
and the conclusion will be drawn in Section V.

II. PROPOSED TRANSFORMER-BASED

OSCILLATOR ARCHITECTURE

A. Unit Oscillator Core

As shown in Fig. 1, the proposed unit oscillator core adopts
the dual-tank and the adaptive biasing feedback techniques,
where j is the sequence number of the oscillator core. L1
and L2 are differential inductors, and, together with C1 and C2,
form the dual-tank structure. Unlike the conventional single-
NMOS transistor current tail, two separate NMOS transistors
(i.e., M3 and M4) provide the bias current, and facilitate the
implementation of the feedback in the proposed oscillator.
CF and Rb provide the feedback path for adaptive biasing,
which passes the ac voltage from the output to the gates
of M3/M4. Ct represents the 3-bit digitally controlled capacitor
array for frequency tuning. The transformer is composed of
coil L1 of the previous adjacent core and coil L2 of the next
core; therefore, the output signal of the previous adjacent core

couples to the gates of the cross-coupled transistors of the next
oscillator core, and so on.

B. Resonant Inductive Coupling Mechanism

The complete schematic of the proposed eight-phase oscil-
lator is shown in Fig. 2, where the dashed lines represent
the coupling paths among transformers. Unlike the other
transformer-based structures [12], signal is drawn from the
drain of the cross-coupled transistors and coupled to the gate
of the same transistors in the adjacent core; forming the closed-
loop coupling path. This way, the voltage at the gate of the
cross-coupled transistor is the superposition of two voltages:
1) the one coming from the output of the same core and 2) that
originating from the output of the adjacent core.

Fig. 3 illustrates the signal flow in the simplified circuit,
where Vg+ is the gate voltage, and only one side of the cross-
coupled network is shown. Vg+,1 is that part of the gate voltage
that comes from the output of the same core, and its major
role is to provide gm to support the oscillation. Vg+,2 is the
other part of the gate voltage that comes from the output of the
adjacent core, and contributes to both coupling and oscillation.
Assuming that the output sources VIP,1 and VIP,2 are inde-
pendent, and the behavior of the transformer is conventional,
the ratio of the voltage of the secondary coil over that of the
primary coil is approximately equal to V2/V1 = k

√
L2/L1,

and the two parts of the gate voltage can be separated and
expressed as follows:

Vg+,1 = VIP,2 × s2 L2/(2 + s2 L2C2) (1)

Vg+,2 = VIP,1 × k
√

L2/L1 (2)

where k is the coupling factor of the transformer. The proposed
structure is different from the conventional dual-tank config-
uration, where the ratio of L2/L1 is small and the ratio
of the gate voltage of the cross-coupled transistor over the
drain voltage is large. In order to ensure strong coupling,
the ratio of L2/L1 must be sufficiently large in the proposed
architecture, since the coupling strength, m, is equal to

m = s2k(2 + s2 L2C2)/
√

L2 L1 ≈ k
√

L2/L1. (3)

However, if the coupling factor k and the ratio L2/L1
are not large enough, limited voltage ratio V2/V1 can be
achieved. For example, in Fig. 4(a) case 1, we are assuming
that no additional capacitance is added to the coupled coil,
and C2 is the parasitic capacitance of L2. In this case, and
as shown in Fig. 4(b), where L ′

2 is the equivalent inductance
of C2 and L2, for k equal to 0.6, the voltage ratio V2/V1 is
only 0.79, which is smaller than1. As a result, it is inadequate
to achieve a strong coupling and signal strength. Moreover,
we cannot increase the voltage ratio and the coupling factor
k arbitrarily, since it will require a larger die size and result
in increased parasitic components. To address this issue with
minor changes and the least penalty, the resonant inductive-
coupling technique is introduced by adding an additional
capacitance to the coupled coil. As shown in Fig. 4(c), the self-
resonant frequency is pushed down toward the oscillation
frequency of the tank by increasing the value of C2, and the
voltage ratio V2/V1 is thus boosted to 1.61, as can be verified



2456 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 9, SEPTEMBER 2018

Fig. 2. Schematic of the proposed eight-phase oscillator.

Fig. 3. Simplified equivalent model of coupling paths.

by viewing the ratio of the peak value of the gate voltage over
that of the drain at about 2.5 GHz.

To explain this phenomenon, we have drawn the equivalent
circuit in Fig. 5, where M is the mutual inductance and is
equal to M = k

√
L1 L2. As a result, the voltage ratio V2/V1

is equal to

V2/V1 = Z1

jωL1 + Z1

1

jωC2 Z2
(4)

where Z1 = jωM||Z2 and Z2 = jωL2 + (1/ jωC2). Equa-
tion (4) is plotted in Fig. 6, where it is clear that the voltage
ratio V2/V1 can exceed 1 only when C2 is larger than 1.25 pF.

In the resonant inductive coupling, the gate voltage Vg+ is
dominated by Vg+,1, i.e., the contribution from the coupled
source, as shown in Fig. 7, and Vg+ is almost in phase
with Vg+,1. Therefore, the coupling strength m in (3) can be
re-written as follows:

m = Z1

jωL1 + Z1

1

jωC2 Z2

/√
L2 L1 ≈ Z1

jωL1 + Z1

1

jωC2 Z2
(5)

which demonstrates the relationship between the coupling
factor and the coupling strength, as shown in Fig. 8.

Fig. 4. Simulated tank response for two different cases. (a) Simplified circuit.
(b) Tank with the conventional transformer coupling (case 1). (c) Tank with
resonant transformer coupling (case 2).

As mentioned, implementing the resonant inductive-
coupling technique in the proposed oscillator structure does
not require an additional component, and is achieved by
simply increasing the value of C2; therefore, it facilitates the
optimization of the performance, as will be discussed shortly.

C. Transformer-Based Dual-Tank Technique

As discussed in [13] and [14], the conventional dual-tank
architecture allows different voltage swings at the gate and the
drain of the cross-coupled transistors. As a result, the voltage
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Fig. 5. Simplified equivalent model of coupling paths.

Fig. 6. Plot of voltage ratio versus frequency for different values of C2.

Fig. 7. Simulated plot of gate and output voltages.

at the drain could be reduced while maintaining the same
voltage at the gate in order to minimize the operation time
in the triode region and prevent Q degradation of the tank.
This concept is illustrated in Fig. 9(a), where the dashed
line represents the triode region trigger, and the transistor
is in the triode region if the drain voltage is below this
line. However, since the objective is to achieve a strong
coupling strength in the proposed transformer-based structure,
the original functionality is no longer preserved within the
single oscillator core. In other words, as we intentionally
increase the value of C2, the impedance of L2/2 dominates
that of C2, and the gate voltage Vg+,1, contributed by its own
core, is approximately equal to its output voltage VIP,2.

Fortunately, the proposed structure continues to benefit from
the advantages of the dual-tank technique; however, through
the coupling path. By using the resonant inductive coupling
method, we are still able to reduce the voltage swing at
the drain while increasing the voltage swing at the gate,
and, consequently, reduce the operation time in the triode
region. It is worth noting that since the peak of the gate

Fig. 8. Plot of coupling strength versus coupling factor.

Fig. 9. Illustration of voltage swings of (a) conventional dual-tank,
(b) transformer-based dual-tank, and (c) transformer-based dual-tank with gate
voltage decomposed.

voltage is no longer aligned with that of the drain voltage,
as shown in Fig. 9(b), there exist both in-phase and quadrature
components at the output. In addition, as the voltage swing of
the gate increases relative to that of the drain, the phase noise
will potentially degrade, if the signal strength of the quadrature
component increases and significantly surpasses that of the
output.

D. Phase Noise Reduction Mechanism

In the proposed structure, and as shown in Fig. 1, the phase
noise is optimized using two techniques: 1) adaptive biasing
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Fig. 10. Simulated phase noise and ac gain versus coupling factor k.

and 2) transformer-based dual-tank techniques. The first tech-
nique is implemented by feeding back the signal from the gate
of M1/2to the gate of M3/4. Since M3/4 adjust their currents to
follow the output signal, M1/2 will be forced to switch faster,
and spend less time in the equilibrium region, where noise
degradation is the maximum. Therefore, the adaptive biasing
feedback increases the bias current when it is needed in order
to expedite the transition and suppress the noise. In addition,
by using two transistors for biasing, the second harmonic,
which is present in the common node of the structure biased
with a single transistor, is eliminated, and the flicker noise is
significantly suppressed.

The conventional dual-tank structure optimizes the phase
noise by increasing the voltage swing at the gate and thus
reducing the operation time in the triode region, where
the output impedance of the cross-coupled transistors is the
smallest, and the Q of the load is degraded. A similar
optimization can be performed in the proposed transformer-
based architecture, but in a much different manner. One major
functional difference between the transformer-based and the
conventional dual-tank oscillator is that the former affects
both the coupling strength and the voltage swing at the gates
of the cross-coupled transistors at the same time. Therefore,
the tradeoff between the phase noise and the coupling strength
does not follow the same convention as most coupled oscilla-
tors, where decreasing the coupling strength always leads to a
better phase noise. In order to illustrate this matter clearly,
the simulated phase noise versus coupling factor k of the
transformer is shown in Fig. 10, where constant current is
maintained for different k values. It is worth noting that the
simulated coupling strength m in Fig. 10 demonstrates the
same trend as the calculated coupling strength m in Fig. 8.
As the coupling factor increases from 0.35 to 0.5, the coupling
strength increases, as well, and the phase noise improves. That
is because when k is relatively small, and the voltage swing of
the drain is even larger than that of the gate, the phase noise
still benefits from the reduced operation time in the triode
region. By further increasing the coupling factor, the phase
noise starts to degrade due to the injection of the coupled
signal to the zero-crossing point of the oscillation waveform,
which is also the case in most prior-art coupled oscillators.
This is illustrated in Fig. 9(c), where the signal coupled
from another core can be decomposed into two components:

Fig. 11. Simplified equivalent circuit model of the coupling paths.

one contributing to oscillation and the other responsible for
coupling. Therefore, as the voltage swing of the output is
reduced, the zero-crossing point becomes more sensitive to
the quadrature component of the coupled signal.

E. Equivalent System-Level Model

To conduct a system-level analysis of the phase noise and
the phase error performance, the equivalent model of the
proposed coupled oscillator is shown in Fig. 11, where only
one side of the differential structure is illustrated to facilitate
the analysis. Itot, j represents the sum of the self-resonant
current I j from the current tank, and the coupled current
Ic, j from the adjacent tank. Using the generalized Alder’s
equation [15], [16], the phase noise can be expressed as
follows:

L(ωm) = KTR

2V 2 F

(
ω0

Qωm

)2

(6)

where Q is the quality factor of the tank,R is the equivalent
parallel resistor with the tank, K is Boltzmann’s constant, T
is the absolute temperature, and ωm is the offset frequency.
For a four-core coupled oscillator, the minimum noise factor
may be derived as follows:

Fmin = 1 +
(

m sin(π/4)

1 + m cos(π/4)

)2

+γ

[
1

1 + m cos(π/4)

(

1 + m

(
cos (π/4) + m

1 + m cos(π/4)

)2
)]

(7)

where γ is the noise coefficient of the transistor. It is worth
noting that the quality factor Q in (6) can be treated as a
constant in most conventional oscillator structures, whereas
it is a function of the coupling strength m in the proposed
structure, because the output impedance is determined by m,
and directly loads the tank. Therefore, in order for the equation
to represent the proposed architecture better, the relationship
between Q and m is estimated by curve fitting the simulated
data. In Fig. 12, the simulated Q is captured for different
values of coupling strength by sweeping the drain voltage
while keeping the gate voltage of the cross-coupled transis-
tors constant. The sixth-order polynomial is used to fit the
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Fig. 12. Simulated and curve-fit Q-factor versus coupling strength.

TABLE I

COEFFICIENTS FOR SIXTH-ORDER POLYNOMIAL∗ OF Q-FACTOR

Fig. 13. Plot of phase noise versus coupling strength with constant and
curve-fit Q-factor value.

simulated data, and its coefficients are listed in Table I. By
applying curve fitting to (6), the phase noise versus coupling
strength m is plotted in Fig. 13. In fact, the equation-based data
in Fig. 13 show the same trend as the simulated data in Fig. 10,
where the minimum phase noise is achieved when coupling
strength is approximately 1.5. In addition, Fig. 13 confirms
that unlike the conventional structure, where the phase noise
degrades as the coupling strength increases, in the proposed
topology, good phase noise and strong coupling can be
achieved simultaneously.

As far as the phase accuracy is concerned, the expression for
phase deviation caused by the tank mismatch can be obtained
as follows using Alder’s equation:

�ϕ = Q

2

(1 + m cos(π/4))2 + m
2Q (2 sin (π/4) + m)

m(m + cos(π/4))

�ω

ω0
(8)

where �ω is the difference in frequency caused by the
mismatch. Similar to the case of phase noise, Q in (8) has
been replaced by the fit data, and the phase deviation is plotted
in Fig. 14.

Fig. 14. Plot of phase deviation versus coupling strength with constant and
curve-fit Q-factor value.

Fig. 15. Plot of phase noise and phase deviation versus additional phase
shift on the coupling path in a four-core coupled system.

The proposed oscillator architecture is unlike the conven-
tional structure; in that the phase deviation is small when
the coupling strength is small, and as the coupling strength
increases, the phase deviation increases first before it
decreases. The reason for this behavior is that the Q in the
proposed topology has a small starting value, which recovers
quickly as the coupling strength increases. When the Q
is small, the impedance and the phase of the tank are
more flat over frequency; therefore, they are more robust to
mismatch. In other words, a coupled signal with certain phase
would cause less phase variation in the tank with lower Q.
Therefore, there is a tradeoff between phase deviation and
phase noise.

In addition, previous publications have stated that the phase
shift would help improve both the phase noise and the phase
accuracy; especially, for the case of the quadrature oscillator,
where there are two oscillator cores in the system [17], [18].
However, this does not apply to our proposed architecture,
where there are four cores in the system. By inserting the phase
shift in the equation and plotting the phase noise and the phase
deviation in Fig. 15, we observe that very limited improvement
is achieved in the four-core oscillator as a result of adding
an extra phase shift. That is because in the quadrature case,
the phase difference between the coupled signal and the local
signal is 90°, which is the worst case scenario for both
the phase noise and the phase accuracy, and the phase shift
benefit will be obtained for the first 45° of shift. However,
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Fig. 16. Simulated plot of voltage ratio and FoM versus different values of
capacitance in the tank.

Fig. 17. Simulated ISF functions.

Fig. 18. (a) 3-D view of the transformer. (b) 3-D view of the transformers
and the passive routing.

in the proposed architecture, the phase difference between
the coupled signal and the local signal is 45°, which can be
approximately treated as the quadrature case with 45° phase
shift on the coupling path. Moreover, the phase shifter is not
noise free, and will introduce an extra mismatch to the system;
therefore, it is not worth adding an extra phase shift to the
proposed system.

Fig. 19. Simulated plots of the transformer performance.

Fig. 20. Simulated phase error versus inductor mismatch.

Fig. 21. Impact of the leakage between adjacent transformers. (a) Output
waveforms when coupling factor between adjacent transformers is equal to
0.1. (b) Phase noise versus coupling factor k of adjacent transformers.

III. DESIGN DETAILS

A. Design Methodologies

To properly graft the resonant inductive-coupling technique
to the proposed structure, both C1 and C2 were swept in order
to verify the potential performance, as shown in Fig. 16 and
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Fig. 22. Simulated coupling factors between adjacent inductors.

Fig. 23. Simulated output waveforms.

TABLE II

PARAMETERS FOR FIG. 16

Table II. Also, the following equations are used to evaluate
the figure of merit (FoM) and FoMper phase:

FoM = 10log

[(
f0

� f

)2 1mW

P

]

− L(� f ) (9)

FoMPer phase = 10log

[(
f0

� f

)2 1mW

P
N

]

− L(� f ). (10)

C2 plays a major role in determining the enhanced voltage
ratio, and C1 is modified accordingly in order to keep
the oscillation frequency constant. In addition, the capacitor
values and the corresponding oscillation frequencies are listed
in Table II. As C2 increases, the voltage ratio increases;
however, the phase noise decreases. This indicates that the
voltage ratio is over saturated, which is similar to the case
when the coupling factor k is too large, and the quadrature
component is strong. In addition, if we do not increase C2
carefully, the oscillator might jump to the undesired mode of
operation, where the operating frequency is almost doubled.
In this mode, the functionality of the dual-tank technique
totally collapses, and the voltage ratio is close to 1; therefore,
the FoM is largely degraded. On the other hand, if C2 is too

Fig. 24. Simulated phase error versus frequency.

Fig. 25. EM simulation results of the coupling path. (a) Inductance and Q-
factor of the routing between the transformer and the active cell. (b) Phase
shift versus frequency of the entire coupling path (including transformer and
the routing).

small, it is hard to achieve a strong coupling strength, and the
reliability and the startup condition become an issue.

Moreover, the optimization of the phase noise can be
verified by examining the impulse sensitivity function (ISF),
as shown in Fig. 17, where the magnitude of the ISF of the
proposed structure is significantly reduced compared to the
conventional structure, and the effective ISF, which is the
product of ISF and noise modulation function, is close to zero
nearly three quarters of the time in an operation cycle.

B. Transformer and Passive Design

In order to obtain a strong coupling factor k, a transformer
with interleaved turns is used, as shown in Fig. 18(a). Also,
the coils of the transformer are made by stacking the top two
metals in order to minimize the dc resistance and achieve the
best possible quality factor. Simulated plots of the transformer
performance are shown in Fig. 19, where L1 and L2 are
2.5 and 7.4 nH, respectively, at 2.4 GHz.

Since the resonant inductive-coupling technique is adopted
in the proposed oscillator architecture, it is interesting to
examine how a mismatch introduced to each coil will affect
the phase accuracy of the system. As shown in Fig. 20, it is
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Fig. 26. Die photograph of the proposed multi-phase coupled-oscillator
RFIC.

Fig. 27. Measured phase noise. (a) Total power consumption is 28 mW.
(b) Total power consumption is 60 mW.

expected that as the percentage of the mismatch increases,
the phase error will also increase. In addition, since the
oscillation frequency in the proposed architecture is mainly
dominated by L2, the phase error is more sensitive to the
mismatch in L2.

Furthermore, in order to capture the capacitive and magnetic
coupling among all critical routings in the layout, the EM
model is created using EMX CAD tool from Integrand Soft-
ware, Inc. As shown in Fig. 18(b), the 37-port EM model
includes the transformers, the routing among all oscillator
cores, the routing of control signals, the power supply, and
ground traces. Therefore, undesired coupling among routings
can be avoided during the layout design. It is worth noting
that the magnetic leakage among transformers will cause
degradation in both the phase accuracy and the phase noise.
As shown in Fig. 21(a), where the coupling factor k between
adjacent transformers is equal to 0.1, the phase relationship
totally collapses. Also, in the phase noise versus coupling
factor k of Fig. 21(b), the phase noise increases as the magnetic
leakage increases. Due to these observations, the coupling
factor k among transformers is designed to be minimum,
as shown in Fig. 22, where the coupling factor k between

Fig. 28. Measured phase noise at 1-MHz offset versus the operating
frequencies under different dc bias voltages and currents.

Fig. 29. Measured spectral plots of the four outputs.

adjacent inductors is far less than 0.01. In addition, all control
signals are routed using the lowest metal layer in order
to minimize their interaction with signal paths. It is worth
noting that as a result of careful EM modeling, the oscillation
frequency is accurately predicted; e.g., the difference between
the simulated and the measured frequency is only 80 MHz.
Moreover, using the full EM modeling of all passive structures
in the layout, the simulated output waveforms that encompass
all couplings among proposed oscillator cores are illustrated
in Fig. 23, where four phases, out of eight phases, of the four-
core oscillator are shown, and the other four phases are the
differential counterparts and not shown. The phase difference
between adjacent waveforms is 41°, 45°, and 47°, respectively.
In addition, the phase error versus frequency between the first
two phases is shown in Fig. 24. Since the mismatches caused
by the coupling and routings are fixed, it is expected that the
phase error will decrease as the frequency decreases.

In addition to the coupling paths among transformers, there
are also a few routings between the transformers and the active
cores. These routings are designed to be as short as possible
in order to minimize their impact on circuit performance.
For example, as shown in Fig. 25(a), only a few hundred
pH of inductance is introduced to the load. Furthermore,
the simulated phase shift versus frequency for the entire
coupling path is shown in Fig. 25(b), where only a few degrees
of phase shift is introduced over a wide frequency range, as
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TABLE III

TABLE OF COMPARISON

Fig. 30. Measured multi-phase output waveforms.

discussed in Fig. 15; as such, the impact of the coupling paths
on the performance is negligible.

IV. MEASUREMENT

The prototype eight-phase magnetically coupled oscillator
is fabricated in a 65-nm CMOS RF silicon on insulator
process. The die photograph is shown in Fig. 26. The core
area of the proposed coupled oscillator circuit is1.4 × 1.4mm2.
In order to make the connections among oscillator cores more
symmetric, a circular floor plan is adopted by taking advantage
of the transformers. Table III summarizes the performance
of this paper and provides comparison with the state-of-
the-art multi-phase oscillator designs. The phase noise is
measured using an Agilent E4440 spectrum analyzer with
phase noise option. Fig. 27 illustrates the measured phase noise
of −124.3 and −128.2 dBc/Hz at 1-MHz offset from 2.41 GHz
with power consumption of 28 and 60 mW, respectively.
Since a 3-bit capacitor array is implemented for frequency
tuning, the operating frequency can be digitally tuned from
1.815 to 2.42 GHz. In addition, measured phase noise versus
the operating frequency is shown in Fig. 28 under three
different dc operating conditions for each core: 1) V = 0.7 V
and I = 5 mA; 2) V = 1 V and I = 7 mA; and 3) V = 1.5 V
and I = 10 mA.

In addition, Fig. 29 shows the spectral plot of the four
measured outputs, out of eight outputs, of the four-core
oscillator, where the other four outputs are the differential
counterparts and not shown. Fig. 30 exhibits four measured
phases, which are captured by a Rohde & Schwarz RTO
oscilloscope, which supports simultaneous measurement of
four channels.

V. CONCLUSION

This paper presented a novel transformer-coupled VCO
architecture for multi-phase clock generation. The concept
of the prototype circuit is proven by both simula-
tion and measurement. EM modeling was utilized to
ensure proper coupling among oscillator cores; thus,
improving the correlation between simulation and measure-
ment. The highest measured FoM is 187 dBc/Hz with phase
noise of −128.2 dBc/Hz at 1-MHz offset from the 2.4 GHz,
and the frequency range can be digitally tuned from 1.815 to
2.41 GHz with eight steps.
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