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Abstract— - and -band CMOS differential subharmonic in-
jection-locked frequency triplers (ILFTs) are proposed, analyzed,
and designed. Based on the proposed ILFT structure, models for
the injection-locking range and the output phase noise are devel-
oped. A -band ILFT is designed and fabricated using 0.18- m
standard CMOS technology. The measured injection-locking
range is 1092 MHz with a dc power consumption of 0.45 mW and
an input injection power of 4 dBm. The harmonic rejection ratios
are 22.65, 30.58, 29.29, 40.35 dBc for the first, second, fourth, and
fifth harmonics, respectively. The total injection-locking range
of the -band ILFT can achieve 3915 MHz when the varactors
are used and the dc power consumption is increased to 2.95 mW.
A -band ILFT is also designed and fabricated using 0.13- m
standard CMOS technology. The measured injection-locking
range is 1422 MHz with 1.86-mW dc power consumption and
6-dBm input injection power. The injection-locking range of the
proposed ILFT is similar to the tuning range of a conventional
varactor-tuned bulk-CMOS voltage-controlled oscillator (VCO).
Moreover, the proposed ILFT has a greater output power and a
lower dc power consumption level than a VCO. As a result, it is
feasible to use the proposed ILFT in low-power millimeter-wave
synthesizers.

Index Terms—Frequency tripler, injection-locked oscillators
(ILOs), RF CMOS, voltage-controlled oscillator (VCO).

I. INTRODUCTION

I N THE millimeter-wave band, there are two methods to
generate local oscillator (LO) signals. In the first method,

LO signals are generated directly by using fundamental fre-
quency oscillators [1]–[3]. In the second one, they are gener-
ated by using lower frequency oscillators cascaded with fre-
quency multipliers to obtain signals at the desired frequencies
[4]–[6]. Due to the limited performance of active and passive de-
vices at high frequency, it is easier to design high-performance
voltage-controlled oscillators (VCOs) at low frequency rather
than at high frequency. Moreover, high-frequency dividers oper-
ated at the carrier frequency with a significant amount of power
dissipation are not needed when using a low-frequency VCO.
Therefore, the second method is advantageous in CMOS cir-
cuit implementation. However, the key design requirement of
the second method is to increase the frequency conversion gain
of the frequency multipliers. In order to achieve this require-
ment, low input injection power and low dc power consumption
are necessary to obtain the desired output power level.
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Frequency multipliers integrated with injection-locked oscil-
lators (ILOs) [7]–[9] can efficiently increase the conversion gain
because ILOs have the superior properties of frequency stabi-
lization and high gain amplification with a narrow bandwidth
[10]. Such a frequency multiplier with an ILO is called a subhar-
monic injection-locked frequency multiplier (ILFM). It offers
great potential use with millimeter-wave frequency synthesizers
because of its low input injection power. Even with low input in-
jection power, the proposed subharmonic ILFM can provide the
same performance as a conventional frequency multiplier [11].
Thus far, all the proposed subharmonic ILFMs [7]–[9] have not
been implemented using the silicon CMOS process and they are
only suitable for single-ended modulation applications.

In this paper, a new CMOS fully differential subharmonic
injection-locked frequency tripler (ILFT) is proposed and ana-
lyzed. It is suitable for complex modulation schemes because of
its fully differential structure. The injection-locking range of the
proposed ILFT is improved by inserting the frequency pre-gen-
erator circuit before the ILO. The main advantage of a frequency
pre-generator is that the injection-locking range can be maxi-
mized with little degradation of ILO output performance. An
analytical model is developed to characterize both the injec-
tion-locking range and the output phase noise of the proposed
ILFT. The proposed -band ILFT is fabricated using 0.18- m
CMOS technology. According to the measured results, it has an
injection-locking range of 1092-MHz width with an input in-
jection power of only 4 dBm and a dc power consumption of
0.45 mW. Moreover, the output power can achieve 9.4 dBm
with 10.5-dB phase noise higher than that of the input injection
signal. This paper shows that the key design requirement can be
achieved in the proposed ILFT. Finally, the theoretical results
are verified by the experimental results.

In Section II, the model for the proposed ILFT is derived.
The CMOS circuit implementation is described in Section III.
The experimental results are presented in Section IV. Finally, a
conclusion and summary are given in Section V.

II. THEORETICAL MODEL

Based upon the locking mechanism for a small injection
signal [10] and the simple ILO model [12], a physical repre-
sentation of the proposed ILFT with a frequency pre-generator
to generate the third harmonic signal connected to an ILO is
shown in Fig. 1. In the ILO model, is the transfer func-
tion of the bandpass LC-tank filter used to eliminate undesired
frequencies generated by the frequency pre-generator. The
active devices of the ILO are modeled as the linear constant
transconductance stage . The frequency pre-generator
is modeled as the nonlinear characteristic function .
Both the and with a feedback path form the ILO.
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Fig. 1. Model of the proposed ILFT.

Without any input signal, the ILO has a steady output signal if
the Barkhausen criterion is satisfied in the close-loop structure.
An incident signal with input frequency is injected
into the oscillator via a frequency pre-generator. The output
frequency is the function of input frequency while the
oscillator is under the locked situation.

If the ILFT is under the locked condition, the following apply:

(1)

(2)

(3)

where is the incident signal with input frequency , am-
plitude , and phase , is the output signal with frequency

and amplitude , and is the output signal
of the frequency pre-generator.

From [13], can be expressed as a polynomial series

(4)

where is the coefficient of polynomial , and is
the terms of order higher than three. The coefficient is pro-
portional to the conversion gain of the third harmonic frequency
generator. The output current of the transconductance stage
can been written as

(5)

Using (4) and (5), the normalized injection-locking range can
be derived as

(6)

where and are the resonant frequency and quality factor
of the LC tank in the bandpass filter, respectively. The output
voltage amplitude can be expressed as

(7)

where is the impedance of the LC tank at resonant frequency.

Fig. 2. Simplified noise source model in the proposed ILFT.

Assuming , the expression of the
output amplitude can be rewritten as

(8)

The detailed derivations are given in Appendix A.
In general, the injection-locking range is limited by failure

of either the phase condition (6) or the gain condition (7) [12].
From (6), it can be seen that the injection-locking range in-
creases with an increase in either the conversion gain of the fre-
quency pre-generator or the incident amplitude . The degra-
dation of the LC-tank quality factor can also improve the in-
jection-locking range. However, the latter causes a decrease in
the impedance of the LC tank and, thus, the output voltage
amplitude also decreases (8). This result is consistent with the
results in [10]. According to the proposed ILFT model, the de-
sign principle can be developed. It can be seen from (8) that
the quality factor of the LC tank can be maximized in order to
obtain increased output amplitude. The resulting degradation of
the injection-locking range can be improved by increasing of the
conversion gain of the frequency pre-generator (6).

The overall ILO output phase noise is characterized by the
noise contributions of all blocks in an ILO [14]. The simpli-
fied noise source model of the proposed ILFT is shown in Fig. 2
where the conversion gain of the third harmonic signal in the fre-
quency pre-generator is simplified to be a constant value ,
and is the signal with frequency . The noise contri-
bution from the frequency pre-generator and the ILO are mod-
eled as and , respectively. The linear phase-do-
main model [15] is adopted to calculate the output phase noise.

The derived output phase noise can be expressed as

(9)
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where the corner frequency of the ILFT noise transfer function
can be written as

(10)

(11)

In the above equations, is the offset frequency from output
frequency and and

are the phase noise spectral densities of output,
input injection signal, frequency pre-generator, and internal
circuits, respectively. The detailed derivation of the output
phase noise is given in Appendix B.

As may be seen from the first and the second terms in (9),
the noise from the input injection signal and frequency pre-gen-
erator are passed through the low-pass filter so that their noise
transfer functions have low-pass transfer characteristics. Thus,
the output phase noise is dominated by these two noise sources
at small offset frequency . If the noise contribution from the
frequency pre-generator is negligible, the output phase noise is
9.5 dB higher than that from the input injection
signal with a small offset frequency. The noise from internal cir-
cuits, as given in the third term of (9), has a high-pass transfer
characteristic. At large offset frequency , the output phase
noise is dominated by this noise and has a high-pass shape. To
minimize the output phase noise, the corner frequency can
be increased to filter out the internal noise. As may be seen from
(10) and (11), can be increased by either degradation of the
LC-tank quality factor or the high incident amplitude .

A summary of the proposed ILFT can be developed from
(6)–(11). The quality factor of the LC tank is maximized for
a large output voltage swing and low-power consumption. The
degradation of the injection-locking range and the output phase
noise from the increase in quality factor can be compensated
for by increasing the conversion gain of the frequency pre-gen-
erator.

III. CIRCUIT IMPLEMENTATION

The proposed CMOS ILFT circuit is shown in Fig. 3. The
off-chip transformer T1 is designed to generate the differen-
tial input signal. The function of the frequency pre-generator
is implemented by M1 and M2. The design guideline of M1
and M2 is the same as for the conventional frequency multi-
pliers in [16]. The gate bias of M1 and M2 is fed from
the input off-chip transformer T1 and the conversion gain of
the frequency pre-generator can be maximized with an appro-
priate value. The tripled-frequency signal generated by
the frequency pre-generator is injected into the ILO formed by
M3, M4, C1, C2, L1, and L2. The selected values of inductors
L1/L2 and varactors C1/C2 are chosen so that their resonant fre-
quency is close to the third harmonic frequency of the input in-
jection signal. According to the design guideline in Section II,
the quality factor of the LC tank is maximized for a large output
swing and low power consumption. is the external con-
trolled signal used to increase the injection-locking range. M3

Fig. 3. Schematic of the proposed ILFT.

Fig. 4. HSPICE simulated coefficient of output harmonic current as a function
of conduction angle.

and M4 are used to generate the negative resistance to com-
pensate for the loss of the LC tank. R1 is designed for the im-
provement of the harmonic rejection ratios (HRRs). Finally, the
output signals are taken from the open-drain buffers for test pur-
poses. The proposed ILFT has a current-reuse structure between
the frequency pre-generator and the ILO for low power opera-
tion.

Fig. 4 shows the HSPICE simulated normalized third har-
monic currents of the frequency pre-generator
M1/M2 as a function of conduction angle , where is
the output amplitude of the drain current at the third harmonic
frequency, is defined as the maximum peak-to-peak
output drain current, and conduction angle is the device turn-on
angle within one period of the input signal. The simula-
tion condition involves an 8-GHz input signal with 4-dBm
input injection power and a MOS device with dimensions
of m/ m with gate–source bias voltage
changing from 0.03 to 1.03 V. Due to the parasitic capacitance
of the device, the ac current between the gate and drain is in-
cluded in the output drain current . Thus, the normalized
harmonic current curve in Fig. 4 is not the same as the ideal
switch condition in [16]. The maximum output third harmonic
current occurs when the conduction angle is 100 . With this
conduction angle, the devices M1/M2 must be biased at the
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Fig. 5. HSPICE simulated HRRs for various value of R1.

weak-inversion region. Under this condition, the ILO circuits
may not satisfy the oscillation condition with such a small dc
current. In the proposed ILFT, the frequency tripled function
devices (M1 and M2) are biased at a conduction angle of 250
for higher frequency conversion efficiency while maintaining
oscillation. can be calculated by a given input injection
power, a device threshold voltage, and a suitable conduction
angle [16].

Since the even harmonic signals are common-mode signals,
an appropriate value for resistor R1 is set to eliminate the unde-
sired even harmonic signals. To verify the effect of R1, Fig. 5
shows the HSPICE simulation results of the second and fourth
HRRs for various values of R1 in the -band ILFT design. It
can be seen that the HRR can be improved with a small R1 value.
When the R1 value is 90 , the HRRs improve with only a small
voltage drop for the -band ILFT. However, for the -band
ILFT, the R1 value needs only to be 55 because of the low
nominal power supply voltage in 0.13- m CMOS technology.

IV. EXPERIMENTAL RESULTS

Based upon the proposed ILFT circuit structure, both -
and -band ILFTs are designed and fabricated using 0.18- and
0.13- m CMOS technologies, respectively. The chip micropho-
tograph of the -band ILFT is shown in Fig. 6: the chip area is
0.66 mm 0.69 mm. The varactors C1/C2 are not included in
the -band ILFT. Hence, the selected value of inductors L1/L2
is chosen so that they can resonate with the total parasitic capac-
itances at the drain of M3/M4 at the third harmonic frequency
of the input injection signal. The chip photograph of the -band
ILFT is shown in Fig. 7: the chip area is 0.59 mm 0.66 mm.
The chip areas of both the proposed ILFTs are limited by the
minimum distance between the pads.

An on-wafer measurement system incorporating a probe
station, ground–signal–ground (GSG) coplanar probes (up
to 67 GHz), and high-speed cable (up to 50 GHz) is used to
measure chip performance. The input injection signal for the
fabricated -band ILFT is from an analog signal generator
and is connected to a 180 hybrid coupler. The output power
is measured by a spectrum analyzer. A waveguide harmonic
mixer is used to measure the output power of the fabricated

Fig. 6. Chip microphotograph of �-band ILFT (0.66 mm � 0.69 mm).

Fig. 7. Chip microphotograph of � -band ILFT (0.59 mm � 0.66 mm).

-band ILFT. Additionally, due to the higher cable loss of input
signal for the -band ILFT, a microwave system amplifier is
used to compensate the loss.

A. -Band ILFT

The fabricated -band ILFT starts to oscillate at a bias cur-
rent of 0.79 mA from 1.5 V. The measured output spectra of the

-band ILFT versus the output frequency under free-running
and locked conditions with probe and cable losses are shown in
Fig. 8(a) and (b), respectively. The measured peak output power
is 22 dBm at 26.486 GHz under free-running condition and

9.4 dBm at 26.486 GHz under locked condition with a 4-dBm
input injection power, a of 0.56 V, and 4.7-dB power loss
from cable and probe. Due to the contribution of input injec-
tion power, the locked ILFT has a higher output power than
the free-running ILFT. The expected output power under locked
conduction is 2 dBm, which is a 2.7-dB difference from the
measurement result.

The measured input injection power versus the output fre-
quency when the input bias is set at 0.56 V is shown
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Fig. 8. Measured output spectra of the fabricated�-band ILFT under: (a) free-
running and (b) locked conditions with probe and cable losses.

Fig. 9. Measured input injection power versus output frequency with 1.5-V
� for �-band ILFT.

in Fig. 9. The upper and lower locking ranges are labeled as
the maximum and minimum output frequencies under locked
condition, respectively. The simulated and measured injec-
tion-locking ranges versus input injection power are shown in
Fig. 10 where the measured injection-locking range is from 156
to 567 MHz, while the input injection power varies from 9 to

1 dBm. At an input injection power greater than 0 dBm, the
injection-locking range decrease slightly, as shown in Fig. 10.
With small input injection power, the measurement result is
close to the simulation result. With large input injection power,
the measured injection-locking range is smaller by 100 MHz.
This is because the valid frequency range of the simulation
model is not completely covered with the desired frequency
range.

The injection-locking range is mainly determined by two im-
portant factors. One is the nonlinear term of the frequency
pre-generator, whereas the other is the nonlinear characteristic
of the ILO. As input injection power is small, the linear model

Fig. 10. Simulated and measured injection-locking ranges versus input injec-
tion power with 1.5-V � for �-band ILFT.

Fig. 11. Injection-locking range as a function of input bias � with 4-dBm
input injection power and 1.5-V � for �-band ILFT.

of the ILO is valid. Thus, the injection-locking range is domi-
nated by the nonlinear term , as can be seen from (6). As the
input injection signal is increased, the injection-locking range
is increased due to the increase of and . If the input signal
is increased to a moderate value, which causes the conduction
angle smaller than 250 , this leads to the large decrease of ,
as can be seen from Fig. 4. Thus, the injection-locking range is
almost saturated.

The simulated and measured injection-locking range versus
the input bias voltage of M1/M2 are shown in Fig. 11.
It can be seen from Fig. 11 that the injection-locking range in-
creases with a decrease in the input bias. This result can be ex-
plained by the fact that the lower input bias allows only a small
current through M3/M4. Thus, the weaker negative-resistance
generated from M3/M4 reduces the effective quality factor of
the LC tank. The conversion gain of the frequency pre-gener-
ator also increases because of the shift of the conduction angle
into the higher third harmonic current region, as can be seen
from Fig. 4.
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Fig. 12. Measured output frequency versus varactors bias � with 0.65-V
� and 4-dBm input injection power for �-band ILFT.

Fig. 13. Measured phase noise of reference input, free-running output, and
locked output with 0.65-V � and 4-dBm input injection power for�-band
ILFT.

The varactors C1/C2 are designed in the -band ILFT. In
Fig. 12, the total output frequency under locked condition is
3915 MHz, as the varactors tuning voltage varies from 0
to 1.5 V with a dc power consumption of 2.95 mW and an input
injection power of 4 dBm. Since the quality factor of the var-
actor decreases as the tuning voltage decreases, the extra
dc power consumption is required to maintain the free-running
output in the entire tuning range. In Fig. 12, the frequency range
under locked condition with 1.5-V is different from that
in Fig. 9 due to the different value.

The measured phase noises of the reference input, free-run-
ning output, and locked output from 1 kHz to 10 MHz is shown
in Fig. 13. It shows that the phase-noise difference between the
reference input and the locked output is 10.5 dB from 1 kHz
to 1-MHz offset. The slightly larger output phase noise at a
signal frequency higher than 1-MHz offset is due to excess noise
from the internal circuit and output buffer. The measured output
phase noise as a function of input injection power is shown
in Fig. 14. At large input injection power levels, the measured

Fig. 14. Measured phase-noise characteristics of locked output as a function of
input injection power with 0.65-V � for �-band ILFT.

Fig. 15. Measured output power spectra of first, second, third, fourth, and fifth
harmonics with 0.65-V � and 4-dBm input injection power for �-band
ILFT.

phase noise of the locked output can approach the theoretical
limit of dB, as derived in Section II. The
phase-noise degradation from the frequency pre-generator is
0.8 dB at 1-kHz offset and 1.5 dB at 100-kHz offset, respec-
tively. In addition, the phase noise at small frequency offset can
be close to the theoretical limit as compared to that at large fre-
quency offset with the same input incident amplitude due to
the low-pass frequency response.

The measured output spectrum is shown in Fig. 15 where
the HRRs compared to the desired third harmonic are 22.65,
30.58, 29.29, 40.35 dBc for the first, second, fourth, and fifth
harmonics, respectively. The HRRs of even-order harmonics are
6.64 dB higher than those of odd-order harmonics because of the
common-mode rejection capability of R1. In general, R1 does
not affect the output performance for odd-order harmonics.

B. -Band ILFT

The -band ILFT starts to oscillate at a bias current of
1.55 mA from 1.2 V. The measured output spectra of the
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Fig. 16. Measured output spectra of the fabricated � -band ILFT under:
(a) free-running and (b) locked conditions with probe and cable losses.

Fig. 17. Measured input injection power versus output frequency for � -band
ILFT.

-band ILFT versus the output frequency under free-running
and locked conditions with probe and cable losses are shown
in Fig. 16(a) and (b), respectively. The loss from the external
waveguide subharmonic mixer is deembedded by the spectrum
analyzer. The measured peak output power is 16.14 dBm at
60.025 GHz under free-running condition and 14.81 dBm at
60.025 GHz under locked condition with 4-dBm input injection
power, a of 0.55 V, and 9.6-dB power loss from the
cable and probe. The expected output power under locked
conduction is 3.1 dBm, which is a 2.1-dB difference from the
measurement result.

The measured input injection power versus the output fre-
quency when the input bias is set at 0.55 V is shown is
Fig. 17. It can be seen from Fig. 18 that the injection-locking
range achieves 1422 MHz with 6-dBm input injection power
and 1662 MHz with 9-dBm input injection power. As the input
injection power is smaller than 1 dBm, the ILO stage is linear
and is nearly constant. Thus, the injection-locking range is
increased with . With the input injection power greater than

Fig. 18. Simulated and measured injection-locking range versus input injection
power for � -band ILFT.

TABLE I
COMPARISON WITH PUBLISHED SUBHARMONIC ILFMs

1 dBm, the injection-locking range is nearly saturated because
of the large decrease of the nonlinear term . If the incident
signal is increased to be larger than 2 dBm, the ILO becomes
nonlinear and (6) is not valid. Under this condition, the extra
third-order harmonic is generated by the nonlinear ILO. There-
fore, the injection-locking range is increased instead of satu-
rated.

Due to the limitations of the instruments currently available,
the log plot of phase noise and HRR cannot be measured. From
the simulation results, the phase-noise difference between the
reference input and the locked output is 10 dB within 1-MHz
offset with 4-dBm input injection power and the HRRs are
higher than 20 dBc for every undesired harmonics.

In Table I, the published non-CMOS subharmonic ILFMs
worked at the - and -band are compared with the proposed
ILFTs. It can also be seen that the proposed ILFTs, in contrast to
the corresponding non-CMOS subharmonic ILFMs, can operate
with a lower dc power consumption, a wider injection-locking
range, and reasonable input injection power. Moreover, this de-
sign is the first CMOS ILFT in the millimeter-wave band. The
published bulk-CMOS VCOs worked at the - and -band
listed in Table II are compared with the proposed ILFTs. It can
be seen that the injection-locking range of the proposed ILFT is
similar to the tuning range of a bulk-CMOS VCO. The proposed
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TABLE II
COMPARISON WITH PUBLISHED BULK-CMOS VCOs

ILFT can provide higher output power and lower power con-
sumption even when the input injection power is consid-
ered, as compared with the corresponding bulk-CMOS VCOs.
Furthermore, it can also be seen from comparisons in Tables I
and II that the proposed ILFTs offer better performance in the
generation of LO signals in the millimeter-wave band.

V. CONCLUSION

A millimeter-wave CMOS subharmonic ILFT with a triple-
frequency pre-generator has been proposed and analyzed. A
model for the proposed ILFT has been developed to calculate
both the injection-locking range and the output phase noise.
Based on the model, the design guideline for the maximiza-
tion of the injection-locking range and the minimization of the
output phase noise has been developed. The quality factor of the
LC tank and the conversion gain of the frequency pre-generator
have been maximized to obtain a wider injection-locking range,
higher output voltage, and lower output phase noise with low dc
power consumption.

According to the developed design guidelines, both the -
and -band CMOS ILFTs have been designed and fabricated
using 0.18- and 0.13- m technologies, respectively. As seen
from the measurement results, the fabricated CMOS -band
ILFT can achieve the injection-locking range of 4.83% with
4-dBm input injection power and 0.45-mW dc power consump-
tion. Moreover, the injection-locking range of 15.06% is per-
formed using varactors. The fabricated -band CMOS ILFT has
an injection-locking range of 2.3% with 6-dBm input injection
power and 1.86-mW dc power consumption. The measurement
results have verified the performance of the proposed ILFTs.

Since it is feasible to design a high-performance VCO at low
frequency without the use of full-speed frequency dividers, the
proposed CMOS ILFT offers great potential application in LO
signal generators for frequency synthesizers in the millimeter-
wave band or even in the sub-millimeter-wave band.

APPENDIX A

By substituting (1)–(3) into (5),

(A.1)

where is the transconductance stage with output current
in the ILO; is the incident signal with input fre-

quency , amplitude , and phase ; and is the output
signal with frequency and amplitude .

By neglecting the term in (4), by substituting
other terms in (4) into (A.1), by assuming that any frequency
not close to is filtered out by the frequency selective load

, and by rearranging the terms, (A.1) can be rewritten as

(A.2)

where

(A.3)

(A.4)

and is the coefficient of the cubic term in the nonlinear char-
acteristic function of the frequency pre-generator.

The approximate transfer function of the bandpass LC-tank
filter can be written as

(A.5)

where and are the resonant frequency and quality factor of
the LC tank, respectively. is the impedance of the LC tank
at resonant frequency.

If the Barkhausen criterion is satisfied in the closed loop, the
phase shift of the closed loop should be zero. Thus,

(A.6)

Combing (A.4) and (A.6) gives

(A.7)

By rearranging (A.7) and finding the solution for , the fol-
lowing is derived:

(A.8)

where

(A.9)
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Since , (A.8) can be rewritten as

(A.10)

If , the approximation in (A.10) is valid.
The output voltage amplitude can be written as

(A.11)

By solving (A.11) and assuming , the
expression of the output amplitude can be rewritten as

(A.12)

If the frequency pre-generator is removed from the ILFT, the
nonlinear characteristic function is performed by the ILO. Thus,
the injection-locking range can be derived as

(A.13)

Whereas the output amplitude is represented as

(A.14)
It can be seen from (A.13) that the injection-locking range can
be increased by increasing . In general, the value of is
negative, and an , which is too large, would degrade the
output amplitude of the ILFT in (A.14) significantly. Obviously,
if an ILFT works without the frequency pre-generator, the extra
power consumption is required for both a large injection-locking
range and large output amplitude.

APPENDIX B

To derive (9), the simplified noise source model of the pro-
posed ILFT, as shown in Fig. 2, can be divided into two parts.
One part is the noise calculation of the frequency pre-generator
and the other is the noise analysis of the ILO. First, the noise
characteristic between and is considered. The phase
noise spectral density at the node can be
expressed as [14]

(B.1)

where and are phase noise spectral densi-
ties of the injection signal and frequency pre-generator, respec-
tively. is the offset frequency from output frequency .

The noise relation between and can be written
as [14]

(B.2)

where the corner frequency of the ILFT noise transfer function
can be written as

(B.3)

(B.4)

In the above equations, and are phase
noise spectral densities of output and internal circuits, respec-
tively; is the conversion gain of the third harmonic signal
in the frequency pre-generator; and are the resonant fre-
quency and the quality factor of the LC tank in the bandpass
filter, respectively; is the impedance of the LC tank at reso-
nant frequency; and and indicate the amplitudes of input
and output, respectively.

The combination of (B.1) and (B.2) results in the following:

(B.5)
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