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A Dual Band mm-Wave CMOS Oscillator with Left-Handed Resonator
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Abstract — A new technique using left-handed resonator to
generate multi-band mm-wave carrier signal is proposed in
this paper. The left-handed resonator exhibits non-linear
dispersion characteristic which enables uneven spacing
between resonant frequencies. A dual band mm-wave
oscillator in 90nm CMOS technology is implemented to
demonstrate this new technique. Using a mode selection
switch, the proposed oscillator operates at 21.3GHz and
55.3GHz respectively with a total power consumption of
14mW.

Index Terms CMOS, Dual Band, Left-Handed (LH)
Resonator, mm-Wave, Oscillator

1. Introduction

Transmitting tens of Giga-bit/sec data in multiple bands
and dynamic switching across tens of gigahertz are
becoming more critical for wireless applications such as
those of millimeter-wave ISM bands at 24 and 60GHz,
Automotive Collision Avoidance at 77 GHz and multi-
band RF-interconnects up to several hundreds of Giga-
Hertz [1]. It would be desirable to design a multi-band
oscillator to cover all or at least part of these frequency
bands with fast frequency hopping time, low power
consumption and small silicon area.

Traditionally, implementing a frequency source
covering a wide range of frequencies can be done by
multiplexing several sources on-chip [2,3,4]. However, in
mm-wave frequencies, 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 [5], at the expense of
higher noise, higher power consumption and larger area.

An alternative approach is to use a single multi-band
oscillator to cover multiple channels, which was
demonstrated to yield superior performance [6]. In that
approach, direct switching of capacitive and inductive
elements is used to change the effective L and C of the
VCO tank. However, at mm-wave frequencies, switch loss
seriously degrades the overall Q of the LC tank. An
alternative to direct multiplexing was proposed using an
additional current source switching in a transformer-
coupled VCO [7], of which switches between inductors
could be avoided. The overall Q was indeed improved, but
the additional current source increased the power
consumption of the VCO.

At mm-wave frequencies, the use of a A/4 standing
wave resonator becomes more attractive due to smaller
size and lower loss. It also leads to the generation of
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multiple evenly spaced resonant frequencies. However,
the inherent even frequency spacing makes it less practical
in design.

In this paper, a new technique, left-handed (LH)
resonator is presented to implement a multi-band mm-
wave oscillator which is capable of generating un-evenly
spaced resonant frequencies. Under this new technique,
the band selection switches are not located in the signal
path which can therefore dramatically reduce the size of
switches and improve the overall Q of the resonator.
Furthermore, compared to the transformer 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 mm-wave
oscillator using LH resonator at 21GHz and 55GHz is
constructed in standard digital 90nm CMOS process.

II. CMOS Left-Handed Material

The LH material is usually referred to artificial structure
having negative permittivity (€) and permeability (L)
simultaneously. 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 [8].

In contrast to LH structure, most of the ordinary
microwave components use right handed (RH) structures
(e.g. transmission line or stubs) with positive € and p. The
equivalent circuit model and dispersion diagram of the
right handed transmission line (TL) are shown in Fig.1.
The equivalent circuit of 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, f,.3f,,---»(2n+1)f, , which is the case in a
M4 standing wave differential transmission line resonator.
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Fig. 1 (a) Equivalent circuit model of a unit cell and (b)

dispersion diagram of the RH TL
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The equivalent circuit of LH TL unit cell, on the other
hand, consists of a series capacitor and a shunt inductor
shown in Fig. 2a. As a result, the dispersion characteristic
of the LH TL becomes non-linear, which is a unique
feature compared with the RH TL, making un-evenly
spaced resonant frequencies possible.
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Fig. 2(a) Equivalent circuit model of a unit cell and (b)
dispersion diagram of the LH TL

III. Multi-band Resonator Using a LH
Structure

With N unit cells of LH structure and negative
resistance with a positive feedback loop, a multi-band
oscillator can be constructed as shown in Fig.3. Two
oscillation criteria are [9]

Re{le}> mag(—R)
Im{Z,,}=0

The first condition suggests that the negative resistance
compensate the loss from the LH structure, the real part of
Z1, of the LH structure. The second condition is that the
total phase shift of one round trip must be equal to 2nm,
where n 0, 1, 2,... Notice that multiple resonant
frequencies can be found from the second condition and
the dispersion diagram of the N stages of LH unit cell, as
shown in Fig. 4. More precisely, N/2 +1 resonant
frequencies are observed from the given dispersion curve
and N stages of LH unit. The beauty of this approach is
that a controllable dispersion curve that can directly
control the spacing of each resonant frequency can be
created. The drawback of such an approach is the loss and
arca of the LH resonator. However, in mm-wave
frequencies, the size of passive device is relatively small,
and both loss and area of the LH resonator can be reduced.

N Unit Cells of
LH Structure

Fig. 3 Conceptual topology of the LH
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Fig. 4 Dispersion Diagram of the N unit cells LH structure with
N resonant frequency

IV. Circuit Design

In order to demonstrate the concept of the multi-band
oscillator using LH resonator, an mm-wave CMOS
oscillator with dual band, 21GHz and 55GHz, 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

schematic of two stages LH resonator is shown in Fig. 5.
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Figure 5 (a) The simplitied schematic ot the two LH unit cells
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Fig. 5 (b) Two resonant frequencies, 22GHz and 55GHz, are
shown in the dispersion diagram of the two LH unit cells. Notice
that there is a RH region above the self-resonant frequency of the
series capacitor Cp, which is around 100GHz. There is also a
bandgap in between two regions, RH and LH.

Phase shift per unit cell

For this specific two LH unit cell case, two resonant
frequencies are 1

P T —
" oL, c,
1
fim———
"o fL,Co+L,C,
, where C, is the parasitic capacitance of L, and the cross-
coupled pair transistor.



Based on the dispersion diagram (Fig.5b), the
mechanism of oscillation mode selection can be deduced.

At the lower resonant frequency ( f, . ), the phase shift
across each unit is 7. At the higher resonant frequency
( fH ), the phase shift across each unit is zero. A pair of

simple and small switches between two unit cells, which
are not located on critical signal paths, can achieve the
mode selection in such a way that the switches enforce the
phase shift in one mode and suppress the other mode.
Notice that there is a RH region above the self resonant
frequency of the series capacitor C;, which is around
100GHz. Any signal above 100GHz propagating along the
unit cell experiences RH region instead of LH region. In
addition, there is a bandgap between two regions, LH and
RH, which means any signal with frequency content in
this bandgap will be attenuated. It suggests that we can
also construct a band-stop filter from this structure.
However, in this work, we focus on the multi-band
resonator utilizing the LH region only.

The full schematic of the proposed dual band mm-wave
oscillator is shown in Fig. 6. When the PMOS mode
selection switches are on, due to the differential mode
operation, the phase shift across the first unit cell is forced
to be m. In the beginning of the oscillation, both

oscillation mode f,, and f, are starting at the same time
from the thermal noise level. Since the phase between two
unit cell is set to be m during the switches are on, the
power of f; |, is growing faster and faster and driving the
cross-coupled pair to saturation. Eventually, it suppresses
the signal in f,, and only f, survives in the oscillation.

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 f,;and f, compete with each other. In this case,

the frequency with lower loss, f, ;> dominates the
oscillation. In this design, the shunt inductor is 400pH
with Q of 17 at 55GHz and Q of 9 at 22GHz, the series
capacitor is 50fF, and the size of mode selection PMOS
switch is 10um/0.09um. The analytic model of the lower
resonance mode gives the frequency at 22GHz and the
higher resonance mode at 55GHz.

V. Measurement Results

The proposed dual band oscillator is implemented in
IBM 90nm standard digital CMOS process. The chip
photograph is shown in Fig. 7. The core active area is
150um x 60um. When the switch is on, the measured
lower resonant frequency, f, ;. > resonates at 21.3GHz, as

shown in Fig. 8a, with the phase noise of -100dBc/Hz at
1MHz offset. When the switch is off, the measured higher

479

resonant frequency, f, 17 » resonates at 55.5GHz, as shown
in Fig. 8b, with the phase noise of -86.7dBc/Hz at 1MHz
offset. Table 1 summarizes the measured performance of
the proposed dual band oscillator.

2nd Unit
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Figure 6 Schematic of the Dual Band mm-wave oscillator using
LH resonator

Fig. 8 (a) When the mode selection switches are n, the output
frequency is 21.3GHz (b) When the mode selection switches are
off, the output frequency is 55.6GHz



Process IBM 90nm Digital Process
Frequency Band 21GHz and 55GHz
Frequency Switching Range (GHz) 34.3GHz
62% of highest oscillation
Frequency Switching Range (%) frequency
Running at 21GHz Phase Noise
@1 MHz offset (dBC/Hz) -100.8
Running at 55GHz Phase Noise
@1 MHz offset (dBC/Hz) -86.7
VCO-Core Power (mW) 14
VCO-Core Area 150pumX60ptm

Table 1: Measurement Summary
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FOM = L(f,)-20log(£,/f, re))+ 1 0log(Pac/ ImW)
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VII. Conclusion

A new design technique on arbitrary multi-band mm-
wave oscillator using left-handed resonator is proposed in
this paper. A dual band mm-wave oscillator in 90nm
CMOS technology has been successfully implemented to
demonstrate this new technique. When the mode switch is
on, the oscillator operates in lower resonance mode which
is at 21.3GHz. When the mode switch is off, the oscillator
operates in higher resonance mode which is at 55.3GHz.
These switches are located away from critical signal paths
and therefore can be made in small size and do not impede
the resonator Q. The core area is 150um x 60um, and the
total power consumption is 14mW.

In contrast to previous work in dual band oscillator
[6,7,10], the proposed oscillator can switch between
farther band, 21GHz and 55GHz, and achieved the largest
frequency switching range, 34GHz. Moreover, this work
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has comparable FOM with prior work [11,12,13,14] in
single band mm-wave oscillator, as shown in Fig. 9.
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