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Abstract—A new technique using a left-handed (LH) resonator
to generate a multiband millimeter-wave carrier signal is proposed
in this paper. The LH resonator exhibits nonlinear dispersion
characteristic, which enables uneven spacing between resonant
frequencies. With stages of the LH unit cell, there are ���

resonant frequencies from the nonlinear dispersion curve. More-
over, the band selection switches are not located in the signal path,
which can, therefore, dramatically reduce the size of switches and
improve the overall quality factor of the resonator. A dual-band
millimeter-wave oscillator in digital 90-nm CMOS technology is
implemented to demonstrate this new technique. Using a mode
selection switch, the proposed oscillator operates at 21.3 and
55.3 GHz, respectively, with a total power consumption of 14 mW.

Index Terms—CMOS, composite right/left-handed (CRLH),
dual band, left-handed (LH), millimeter wave, oscillator, res-
onator.

I. INTRODUCTION

T RANSMITTING tens of gigabit per second data in mul-
tiple bands and dynamic switching across tens of giga-

hertz are becoming more critical for wireless applications such
as those of millimeter industrial, scientific, and medical (ISM)
bands at 24 [1] and 60 GHz [2], automotive collision avoidance
at 77 GHz [3] and multiband RF-interconnects up to several
hundreds of gigahertz [4], [5]. It would be desirable to design
a multiband oscillator to cover all or at least part of these fre-
quency bands with fast frequency hopping time, low power con-
sumption, and small silicon area.

Traditionally, implementing a frequency source covering a
wide range of frequencies can be done by multiplexing several
sources on-chip [6]–[9]. However, in millimeter-wave frequen-
cies, the multiplexer in such a design would require ultra wide-
band output characteristics, from dc to the highest frequency of
interest, which may be achieved using a distributed design [10],
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at the expense of higher noise, higher power consumption, and
larger area.

An alternative approach is to use a single multiband oscil-
lator to cover multiple channels, which was demonstrated to
yield superior performance [11]–[13]. In that approach, direct
switching of capacitive and inductive elements is used to change
the effective L and C of the voltage-controlled oscillator (VCO)
tank. However, in millimeter-wave frequencies, the impedance
ratio between OFF and ON states of the CMOS switch is seri-
ously degenerated by parasitic capacitance, and thus seriously
degrades the overall quality factor ( ) of the LC tank. An alter-
native to direct multiplexing was proposed using an additional
current source switching in a dual-mode transformer-coupled
VCO [14], [15]. In this technique, at the higher frequency mode,
the of the tank is degraded, which consumes extra power. Re-
cently, a switching multiple tank technique has been presented
in [16]. In this technique, the parasitic capacitance of buffers
and cross-coupled pairs is not lump into the tanks, and thus it
limits to lower frequency application.

At millimeter-wave frequencies, the use of a standing
wave resonator with artificial dielectric structure [17] becomes
more attractive due to smaller size and lower loss. It also leads
to the generation of multiple evenly spaced resonant frequen-
cies. However, the inherent even frequency spacing makes it less
practical in design for multiband oscillator.

In this paper, a new technique, a left-handed (LH) resonator
is presented to implement a multiband millimeter-wave oscil-
lator, which is capable of generating unevenly spaced resonant
frequencies [18]. Under this new technique, the band selection
switches are not located in the signal path, which can there-
fore dramatically reduce the size of switches and improve the
overall of the resonator. Furthermore, compared to the trans-
former coupling technique, this new technique only utilizes a
single pair of cross-coupled pair as a negative resistor without
any additional current consumption.

In order to demonstrate the feasibility of this new concept,
a dual-band millimeter-wave oscillator using LH resonator at
21 and 55 GHz is constructed in standard digital 90-nm CMOS
process.

This paper is organized as follows. Section II presents the
composite right/left-handed (CRLH) material theory and the
distinct property of CMOS implementation. The CRLH multi-
band structure is covered in Section III. Even–odd mode anal-
ysis of the specific two unit-cell case is described in Section IV.
Sections V and VI present circuit design details and measure-
ment results, respectively. Section VII concludes this paper.

0018-9480/$26.00 © 2010 IEEE
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Fig. 1. (a) Equivalent-circuit model of a unit cell. (b) Dispersion diagram of
the RH TL.

Fig. 2. (a) Equivalent-circuit model of a unit cell. (b) Dispersion diagram of
the LH TL.

II. CMOS LH MATERIAL

The LH material is usually referred to artificial structure
having negative permittivity and permeability simulta-
neously. It has many unique electromagnetic properties such
as reversal of Snell’s Law and Doppler effect. Recently, many
novel microwave devices have been developed based on the LH
structure [19].

In contrast to LH structure, most of the ordinary microwave
components are right-handed (RH) structures (e.g., transmission
line (TL) or stubs) with positive and . The equivalent-circuit
model and dispersion diagram of the RH TL are shown in Fig. 1.
The equivalent circuit of the RH TL consists of a series inductor
and a shunt capacitor in each unit cell. Since the RH has a linear
dispersion characteristic, the phase shift of the RH TL is also
linear. Consequently, the RH standing wave resonator can only
support evenly spaced resonant frequencies

, which is the case in a standing wave differential TL
resonator.

The equivalent circuit of the LH TL unit cell, on the other
hand, consists of a series capacitor and shunt inductor, as shown
in Fig. 2(a). As a result, the dispersion characteristic of the LH
TL becomes nonlinear, as shown in Fig. 2(b), which is a unique
feature compared with the RH TL, making unevenly spaced res-
onant frequencies possible.

One can easily build an LH TL by integrated several stages
of the LH unit cell in Fig. 2(a). However, due to finite para-
sitic associated with the components in each unit cell, a pure
LH TL does not existence in nature. In order to take those un-
desired parasitic into account, the CRLH model is developed to
describe the unique property of this special TL, which is shown
in Fig. 3(a). The CRLH TL unit cell [19] consists of a series
capacitance and a shunt inductance , as well as a series
inductance and a shunt capacitance to account for the
parasitic of and , respectively. The dispersion diagram of
the CRLH TL is shown in Fig. 3(b), where and are the LH

Fig. 3. (a) Equivalent-circuit model of a unit cell. (b) Dispersion diagram of
the CRLH TL, where � and � are the LH and RH cutoff frequencies, and
� and � are the series and shunt resonance frequencies.

Fig. 4. Conceptual topology of the LH oscillator.

and RH cutoff frequencies, and and are the series and
shunt resonance frequencies. One can design the desired non-
linear dispersion curve by choosing the four frequencies. Below

and dominate the property of the CRLH
TL, where the TL behaves as the LH region. On the contrary,
above and dominate the property of the
CRLH TL, where the TL behaves as the RH region. Between
the LH and RH regions is a stopband region, where the signal
in this frequency is attenuated. In addition, the CRLH TL has
a unique feature of supporting an infinite-wavelength wave at a
finite and nonzero frequency [20].

Due to scaling of the CMOS technology, a compact pas-
sive structure such as capacitors and inductors are available
through a multilayer metal structure. For instance, an on-chip
metal–oxide–metal (MOM) capacitor with very small parasitic
inductance can have extremely high self-resonant frequency,
easily above 100 GHz. Therefore, a CMOS CRLH TL using
on-chip MOM capacitors and inductors can be designed to
operate in the LH region at millimeter-wave frequencies. On
the contrary, in the printed circuit board, due to parasitic of

and , the CRLH TL usually has lower series and shunt
resonant frequencies and , which limits the frequency
range of the LH region. In today’s CMOS technology, and

can possible achieve several hundred gigahertz with careful
design, which opens the door for CRLH millimeter-wave and
even terahertz research [21].

III. MULTIBAND RESONATOR USING A CRLH STRUCTURE

With an differential CRLH unit-cell ring resonator and
negative resistance with a positive feedback loop, a multiband
oscillator can be constructed, as shown in Fig. 4. This dif-
ferential CRLH unit-cell ring resonator can be analyzed as two

single-ended CRLH unit-cell ring resonators, one of which is
shown in Fig. 5, with differential operation. One of the advan-
tages of the ring topology is that the CRLH unit cell is termi-
nated in itself. The Bloch impedance is well matched, and we
can utilize the dispersion curve obtained from an infinite peri-
odic unit cell to analyze the ring resonator.
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Fig. 5. Single-ended � unit-cell CRLH ring resonator.

Fig. 6. Dispersion diagram of the � unit-cell CRLH structures with ���� �

resonant frequency.

Two oscillation criteria are [22]

(1)

where is the impedance of the tank.
The first condition suggests that the negative resistance com-

pensate the loss from the CRLH structure, the real part of
of the CRLH structure. The second condition is that the total
phase shift of one round trip must be equal to , where

. To avoid the oscillator operating in the RH re-
gion, we design the series resonance frequency of the CRLH
unit cell to be above the unity current gain frequency (120
GHz) of the 90-nm CMOS device. In other words, the oscillator
only operates in the LH region. Thus, we get

(2)

where is the phase shift of one unit cell, and the only negative
values of survive in the LH region operation.

Notice that multiple resonant frequencies can be found from
the second oscillation condition in (1) and the dispersion dia-
gram of the CRLH unit cell, as shown in Fig. 6. More precisely,
there are resonant frequencies in the dispersion curve
of the stages CRLH unit cell. The beauty of this approach is
that designers can directly design the spacing of each resonant
frequency through a controllable CRLH dispersion curve. Fur-
thermore, the parasitic capacitance of the cross-coupling tran-
sistor pairs, output buffers, and is all lumped in the as
part of the design. The drawback of such an approach is the loss
and area of the LH resonator. However, in millimeter-wave fre-

quencies, the size of the passive device is relatively small, and
both the loss and area of the LH resonator can be reduced.

The dispersion diagram of each unit cell can be calculated
from the -parameter. First, we convert the -parameter to the

matrix. From [23], one can then get

(3)

Although the -parameters depend on the port impedances, the
matrix is unique, and the dispersion curve is unique as

well.
By applying the Bloch–Floquet theory to the unit cell in

Fig. 5, the resonant frequencies can be found as solution of the
dispersion relation of the CRLH TL in [20]

(4)

where

and is the length of the unit cell. In our case, , we
get

(5)

Hence,

and

(6)

To present the mode selecting switch idea, we choose the
two unit-cell ring as an example. A conceptual topology of the
dual-band oscillator is shown in Fig. 7, which is composed of
a negative resistance and two single-ended two unit-cell rings
operated differentially. In this case, , and there are two
resonant frequencies corre-
sponding to the and modes, respectively.

When , we get the higher resonant mode

(7a)

(7b)

When , we get the lower resonant mode

(7c)

(7d)

Notice that at the , node A is 180 out-of-phase with
respect to node B. However, at the , node A and node B
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Fig. 7. Conceptual topology of two CRLH unit-cell dual-band oscillator.
(a) � � � mode. (b) � � �� mode.

Fig. 8. Schematics of the ring resonator with two differential CRLH unit cells.

are exactly in-phase. Since , the tank has higher at
, with inductor dominating, naturally the oscillator starts

to oscillate at . However, if we add a switch between A and
B, which are not located on critical signal paths, we can achieve
the mode selection in such a way that the switches enforce the
phase shift in one mode and suppress the other mode. That is
once we turn on the switch, the higher resonant mode is
suppressed, and the lower resonant mode is dominant.

IV. EVEN–ODD MODE ANALYSIS

In the two unit-cell case, we can also describe the dual-band
oscillator by even–odd mode analysis. This alternative analysis
can verify the oscillating frequency from the CRLH dispersion
equation and give us more physical insight. Fig. 8 shows the
complete circuit schematic of the two differential CRLH unit-
cell ring resonator.

First, we simplify the resonator equivalent circuit as the one
in Fig. 9(a) with and . We can
then treat this circuit as two LC tanks connected to each other

Fig. 9. (a) Simplified CRLH. (b) Even mode operation. (c) Odd mode opera-
tion.

by two capacitors . Thus, as shown in Fig. 9(b), when the
two LC tanks resonate in-phase, the voltage across the capacitor

is zero. On the other hand, when the two tanks resonate at
180 out-of-phase, similar to the Miller effect, the capacitance
between two resonator cells is . Based on the equivalent
circuit in Fig. 9(c), the resonant frequencies of the even and odd
modes are

and

which are exactly the same as and , respectively. We
can also directly extend this analysis to estimate the and

of the CRLH unit-cells ring resonator, which are ex-
actly and .

V. CIRCUIT DESIGN

In order to demonstrate the concept of the multiband oscil-
lator using an LH resonator, a millimeter-wave CMOS oscillator
with dual-band operation, 22 and 55 GHz, is implemented. The
dual-band oscillator consists of a cross-coupled NMOS pair to
act as a negative resistor, two unit cells of an LH structure, and
mode selection switches. The dispersion diagram of the unit cell
is shown in Fig. 10.

Notice that there is an RH region above the self-resonant fre-
quency of the series capacitor , which is around 100 GHz.
Any signal above 100 GHz propagating along the unit cell ex-
periences the RH region instead of the LH region. In addition,
there is a bandgap between two regions, LH and RH, which
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Fig. 10. Two resonant frequencies, 22 and 55 GHz, are shown in the dispersion
diagram of the two CRLH unit cells. We use the pure LH region. Notice that
there is an RH region above the self-resonant frequency of the series capacitor
� , which is around 100 GHz. There is also a bandgap in between two regions,
RH and LH.

Fig. 11. Model of the mode selection switch with resistor � and equivalent
circuit of the tank.

Fig. 12. Tradeoff between the� of the tank and the size of the mode selection
switches as we vary the equivalent resistance � of the mode selection switch.

means any signal with frequency content in this bandgap will
be attenuated.

In order to study the tradeoff between the of the tank and
the size of the mode selection switches, we model the selection
switch as resistor , and equivalent circuit of the tank is shown
in Fig. 11. As we vary the resistance of the switch, we mea-
sure the of the overall tank through the response of the tank
impedance, which is shown in Fig. 12. When k , rep-
resenting the OFF state of the switch, the impedance at higher
resonant mode, 55 GHz, is much higher than that of lower res-
onant mode, 22 GHz. As a result, the higher resonant mode is
dominant in this configuration. Once the value of starts to go

Fig. 13. Schematic of the dual-band millimeter-wave oscillator using LH res-
onator.

Fig. 14. Chip photograph of the proposed dual-band oscillator.

down, representing the ON state of the switch, the impedance in
higher resonant mode get considerably suppressed as well as the

. On the contrary, the impedance of the lower resonant mode
is not affected at all and remains almost unchanged. When the
impedance around the higher resonant mode is lower than that of
the low resonant mode, the low resonant mode starts to dominate
the oscillation. As shown in Fig. 12, even with the on resistance
of value as large as 500 , the higher resonant mode is well
suppressed. This result suggests that the CMOS switches with
small size are enough to perform mode selection, which is the
distinguish property of the multiband oscillator with a CRLH
resonator.

The full schematic of the proposed dual-band mil-
limeter-wave oscillator is shown in Fig. 13. When the PMOS
mode selection switches are on, due to the differential mode op-
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Fig. 15. (a) When the mode selection switches are on, the output frequency is
21.3 GHz. (b) When the mode selection switches are off, the output frequency
is 55.6 GHz.

eration, the phase shift across the first unit cell is forced to be .
In the beginning of the oscillation, both oscillation mode and

are starting at the same time from the thermal noise level.
Since the phase between two unit cell is set to be during the
switches are on, the power of is growing faster and faster
and driving the cross-coupled pair to saturation. Eventually, it
suppresses the signal in , and only survives in the os-
cillation. On the other hand, when the mode selection switches
are off, the phase shift between each unit cell is not limited
to any particular value. Therefore, both oscillation modes
and compete with each other. In this case, the frequency
with lower loss dominates the oscillation. In this design, the
shunt inductor is 400 pH with of 17 at 55 GHz and of 9
at 22 GHz, the series capacitor is 50 fF, and the size of mode
selection PMOS switch is 10 m/0.09 m. The analytic model

Fig. 16. (a) When the mode selection switches are on, the phase noise at 1-MHz
offset is �100.8 dBC/Hz. (b) When the mode selection switches are off, the
phase noise at 1 MHz offset is �86.7 dBC/Hz.

of the lower resonance mode gives the frequency at 22 GHz
and the higher resonance mode gives the frequency at 55 GHz.

VI. MEASUREMENT RESULTS

The proposed dual-band oscillator is implemented in an IBM
90-nm standard digital CMOS process. The chip photograph is
shown in Fig. 14. The core active area is 150 m 60 m. When
the switch is on, the measured lower resonant frequency
resonates at 21.3 GHz, as shown in Fig. 15(a), with the phase
noise of 100 dBc/Hz at 1-MHz offset, as shown in Fig. 16(a).
When the switch is off, the measured higher resonant frequency

resonates at 55.6 GHz, as shown in Fig. 15(b), with the phase
noise of 86.7 dBc/Hz at 1-MHz offset, as shown in Fig. 16(b).
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TABLE I
MEASUREMENT SUMMARY

Fig. 17. FOM comparisons of recent published results in millimeter-wave fre-
quencies. ��� � ��� �� �� 	
��� �� � � 
� 	
� (� �
 mW).

TABLE II
COMPARISON WITH PREVIOUS WORK

Table I summarizes the measured performance of the proposed
dual-band oscillator.

VII. CONCLUSION

A new design technique on arbitrary multiband millimeter-
wave oscillator using an LH resonator is proposed in this paper.
A dual-band millimeter-wave oscillator in 90-nm CMOS tech-
nology has been successfully implemented to demonstrate this
new technique. When the mode switch is on, the oscillator op-
erates in lower resonance mode, which is at 21.3 GHz. When

the mode switch is off, the oscillator operates in higher reso-
nance mode, which is at 55.3 GHz. These switches are located
away from critical signal paths, and therefore, can be made in
small size and do not impede the resonator . The core area is
150 m 60 m, and the total power consumption is 14 mW.

In contrast to previous work in the dual-band oscillator [6],
[14], [24], the proposed oscillator can switch between the far-
ther band, 21 and 55 GHz, and achieved the largest frequency
switching range, 34 GHz. Moreover, this paper has a compa-
rable figure of merit (FOM) with prior work [25]–[28] in the
single-band millimeter-wave oscillator, as shown in Table II and
Fig. 17.
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