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Here, a self-oscillating mixer is experimentally demonstrated employing both the fundamental and harmonic signals
generated by the oscillator sub-circuit in the mixing process. The resulting circuit is a dual-band down-converting
mixer that can operate in the C-band, or in the X-band. The oscillator uses the active super harmonic coupling to
enforce the quadrature relationship of the fundamental outputs. Either the fundamental outputs of the oscillator or the
second harmonic oscillator output signals present at the common mode nodes are connected to the mixer via a set of
complementary switches. The mixer achieves a conversion gain between 9-11.5 dB in both frequency bands. The
third-order output intercept-point for the C-band and the X—band operations are 10.42 and 8.33 dBm, respectively. The
circuit was designed and simulated in 0.18- CMOS technology by ADS2008.
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1. INTRODUCTION

In modern microwave communication systems, low
cost, small size, and low power consumption circuits
are required that combine multiple functions with a
reduced number of components. For the realization of
receiving systems, the harmonic self-oscillating mixer
(SOM) is an attractive option [1]-[6], since a single
transistor is employed to realize the local oscillator
signal as well as a mixing operation between the input
signal and a harmonic component of the self-
oscillation. In harmonic balance (HB), several
techniques have been presented for the nonlinear
analysis and design of SOM-circuits [5], [6]. With
these techniques, the designer has an increased control
over the SOM self-oscillating frequency, the harmonic
content, and the conversion gain. However, for the
design of wide-band harmonic SOM circuits with high
conversion gain, additional techniques are required.

A common problem referring to SOM solutions has
been the Lack RF-to-local oscillator (LO) isolation
emerging by the combination of the two circuit
functions into one device. This problem has been
addressed in numerous publications, and a common
solution to bypass this issue is given using a dual-gate
FET, using one port for the oscillation feedback
network and injecting the RF input signal at the second
port [7]-[9]. Another possibility to ecliminate this
problem is the use of a balanced circuit structure [10]-
[13], which offers inherent RF-LO isolation, as well as
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a number of other important advantages such as lower
AM noise, suppression of unwanted harmonics, etc.
Furthermore, the input does not have to be matched
both at LO and RF frequencies, which simplifies the
input matching requirements.

Efforts have been made to integrate SOMs with
antennas to form receivers [7], [9], [14]. This allows for
building a simple receiver circuit without the use of an
input RF balun, as it would be required in conventional
balanced mixers. Thus, the presented solution results in
a planar design, which is highly desired in many
commercial low-cost applications.

An extension to the standard SOM technique is
subharmonic operation [8]-[11], [15]: instead of
mixing the RF signal with the fundamental LO
frequency, a harmonic of the LO frequency is used. In
this way, transistor gain only has to occur until the
fundamental LO frequency, which drastically lowers
the transistor maximum frequency (f.x) requirements
[15].

The paper is structured as follows: Section 2
describes Block diagram of the proposed dual-band
Self-Oscillating Mixer (SOM); Section 3 presents
design Quadrature VCO and simulation result with
Agilent’s Advanced Design System ADS; and Section
4 discusses the subhormonic and fundamental mixer
design; and section 5 discusses mixer simulation results
obtained with ADS.
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2. CIRCUIT DESCRIPTION

Block diagram of the proposed dual-band SOM is
shown in Fig. 1. This figure shows a down converting
mixer with differential RF input and IF output, as well
as a reconfigurable LO input.

If an LO is available that has a differential output at
both f o and 2f; o two pairs of complementary switches
can be used to connect the desired LO signal to the
mixer. Depending on the state of the switches, the
mixer can have an LO input in two different frequency
bands, thus permitting two different RF frequency
bands at the mixer input while maintaining a constant
IF output. The result is a dual-band SOM using a single
on-chip quadrature voltage-controlled oscillator (VCO)
along with a single mixer circuit. To distinguish
between the two states of the dual-band SOM, the term
“fundamental mode” will be used to describe the circuit
state where the fundamental oscillator output at fi o is
connected to the mixer, and the term “subharmonic
mode” will be used to describe the state where the 2fi o
signal is connected to the mixer.

Mixer

o
O
fRF 180°

O

o Local Oscillator
Fig. 1. Block diagram of the proposed dual-band SOM.

The core of the subharmonic mixer is shown in
figure2, which is based on the Gilbert-cell topology.
Gilbert-cell mixers, in general, have high isolation
between Ports due to their double-balanced structure.
Corresponding to the block diagram in Figurel, the
circuit requires RF inputs with relative phase shifts of
0°, and 180°, and LO inputs of 0°, 90°, 180°, and 270°
[16].

For insight into how the LO frequency is doubled,
consider the circuit in Figure3. As the 0° LO signal
rises well above the threshold value, transistor M5
turns fully on, causing i; to increase and flow
predominately through M5, since the gate voltage at
M6 is 180° out of phase and therefore, near its
minimum. When the amplitude of the 0° LO signal
begins to drop, and the 180° LO amplitude begins to
rise, neither transistor is fully on and, as a result, the
current i; decreases. As the 180° LO signal nears its
maximum, and the 0° LO nears its minimum, M6 is
turned fully on and MS5 is turned off, meaning that the
current i; increases and flows through M6. By the end

Vol. 5, No. 2, June 2011

of the cycle, neither the 0° nor the 180° LO signals are
at a maximum and the current i; decreases again.
Therefore, during one period of the LO signal, i; has
two cycles of increasing and decreasing current, thus
indicating a doubling of the LO frequency.

The same operation occurs for the other LO
transistor pair (90° and 270°) and the resulting current,
ip, is 180° out of phase with i;.

Viorno

Fig. 3. LO frequency doubling in the 2% subharmonic
mixer

Therefore, mixing will occur at the RF frequency
and twice the input LO frequency. A larger LO input
power will be required to achieve the same conversion
gain as a fundamental Gilbert-cell mixer, but this
circuit has the significant advantage of using half of the
LO frequency as well as reducing LO self-mixing in
direct-conversion receivers .

The LO inputs to the subharmonic mixer are given
by:

VLoo = Ao cos(@p )

-4 _ 7%
Y1090 = Lo @ ot /o)
Vo180 = Ao 0@ ot = 7)
_ 3
V10270 = A0 Cos(@y ot =37%)

and the RF inputs to the mixer core are differential,

VRO = ARF cos(@pp?)

VRF180 = AR cos(@ppt = 7)
since this is a 2x SHM, the up- and down-converted
components of the mixer output will be at frp + 2fio
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and frr - 2f; o, respectively.

To gain deeper insight into the operation of the
SHM, an analytic expression for the conversion gain of
the mixer can be derived. Here, the long-channel
transistor models are used for simplicity in order to
obtain useful closed-form equations. In the half~SHM
circuit shown in Figure 4, the LO switching pair
transistors M5-M6 is modeled as one transistor, M56.
Assuming that the fundamental currents generated by
the differential gate voltage signals on M5 and M6
perfectly cancel each other, the non-linear component
at twice the input frequency is the only signal current
that remains. Therefore, M5 and M6 are modeled as
one transistor with an applied gate voltage signal at a
frequency of 2wLO. Transistors M7 and M8 in Figure 2
can also be replaced by a single equivalent transistor
M78. The long channel drain current approximation for
a FET in saturation is given by:

. 1 w 2

'D :jluncoxT(VGS _Vt) e
where p, is the electron mobility, C, is the gate
capacitance, vgs is the gate-source voltage, and V, is
the threshold voltage.

And for BJT given by:

. 1 /4 2
where p, is the electron mobility, C,, is the Base
capacitance, vgg is the Base-Emitter voltage, and V;, is
the threshold voltage.

Vioroo LO Switching
; I:IMSG Pair Model

1

Vbﬁ”—' M9

Fig. 4. Modeling of the LO switching transistors as one
FET with input VLOEQo-

If the currents through M5 and M6 are i, and iy,
respectively, the total current from the switching pair
with a differential input is:

S m 2
it =la *ip = nCoy T Vpproy =V +

3
Ly Dig2  p2 v
7 4nCoy - Voo ~VLo180)
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where Vi) is the DC voltage between the Base and
Emitter of the LO transistors (M5-MS). Since

2 2 . . .
Voo = Vioiso for a sinusoidal LO signal,

—nc Ny V)
1=HnCop, VBE(LO) D) *
4)

This current can then be set equal to the current
generated by the M56 model transistor (ignoring the
nonlinear component),

o1 ", 2

i =34nCop T Vpproy ~v) "+

w (5)
2

HnCoy - OpEL0) V)V LOEQO
Clearly, in order to have equal DC currents, the
width of transistor M56 must be twice that of M5 and
M6, W,=2W,. The equivalent applied gate signal

voltages to the LO switching pair model transistors,
M56 and M78, are:

12
_ LO 2 ~
VLOEQO = Z(VBE(LO)_VI) cos“ (@ nl) &
) (6)
o)
4(VBE(L0)_Vt) cos(ZwLOt)
"LOEQI80 = 2(Vp 6, =Vp) ° (Oppt+m=
(7

Ao
E(LO)_Vt) cos(2o Lot )
The approximation made in the equations (6) and
(7) was to ignore the DC component of the cos® term,
the effect of which will be discussed below. With this
simplification, the circuit can be analyzed as a standard
Gilbert-cell topology, with the addition of the injection
resistors. The output voltage of the mixer, Voyr—vo -Viso,
as defined in Figure2, is given by:
“Rividre .
Vosrry ™t 1 =72)=
By (®)

V) VidRF VidLOEQ

4(VB

Your =

Vasrry 0V Gs(Lo)
Where Vigrp=Vrro-VRFi80, VidLOEQ=VYLOEQ0-VLOEQ1805 and
Vs 18 the DC voltage between the gates and sources
of the RF transistors (M1-M4).
The conversion gain formula for this subharmonic
mixer for the up- and down- converted components
(fRF+2fLO and fRF'szO) is given by

R ,14?
d"LO (9)

CG 4p=20log 2
Wesrr)y VOV g0y ™)
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where I is the bias current set by the gate voltage of
transistor M9, Ao is the amplitude of the quadrature
signal at the gates of the LO transistors M5-M8, and all
transistors are operating in the saturation region. The
values for Vgsrr and Vpgroy can be found from a
straight-forward DC circuit analysis. From this
equation, clearly the conversion gain will increase with
increasing bias current, 1.

The formula for the conversion gain in (9) does not
include the effects of any parasitic, and thus, it will
over-estimate the actual conversion gain. However, the
simplification in Equations (6) and (7) where the DC
component of the cos” term was not included mitigates
the over-estimation in (9) somewhat since there is an
additional DC component in the currents that are
generated by M5-MS8 (or M56 and M78).

3. PROPOSED QUADRATURE VCO

A very common way of implementing a CMOS
differential LC VCO is to use a cross-coupled pair to
generate the negative resistance required to overcome
the losses in the tank. Therefore, with an appropriate
device size and biasing, the negative resistance required
to counteract the losses in the tank can be realized. The
core quadrature VCO circuit investigated in this work
is shown in Figure 3. It consists of two cross-coupled
VCO connected through a cross coupled pair. It has
been shown that by including cross-coupled inductor
above the cross-coupled NPN transistors the phase
noise of the VCO can be improved significantly due to
the higher transconductance and faster switching speed
of the complementary structure [11]. The oscillation
frequency for each VCO can be found from the familiar
formula for the resonant frequency of an LC tank,
where L is the value of the on-chip spiral inductor and
C is the total capacitance at the tank nodes. The
inductors used in this circuit less than 1.1nH. The total
capacitance including the lumped capacitor as well as
the parasitic capacitance was 0.925pF to provide
oscillation at 4.8GHz.

The network used to enforce the 180° phase
difference in the second-order harmonics is a critical
part of the quadrature VCO. It is this anti-phase
relationship that creates the quadrature phase
relationship at the fundamental frequency. Convenient
common-mode nodes for coupling the second harmonic
are the common source nodes in each of the cross-
coupled differential pairs, shown as CM1 and CM2 in
the complete VCO circuit schematic shown in Figure 2.
DC blocking capacitors were used so that transistors
N5-N6 could be biased for optimal coupling. Since any
practical use of a VCO involves connecting its output
to other circuitry, buffers must be used to ensure that
loading does not disrupt the oscillations. Source
follower buffers were used for each of the four outputs
so that the VCO can be measured using equipment with
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50Q) input impedances. The current sources shown in
the buffer circuits in Figure 2 were implemented with
the common current-mirror configuration. t. The 180°
and 270° outputs were terminated on-chip with 50 Q2
loads and the 0° and 90° were connected to CPW pads

for on-chip probing.

Vout 180

!
= s st

|

Fig. 5. Cross-coupled BJT VCO
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Fig. 6. Schematic Quadrature VCO

Table 1 shows result of fundamental (4.8GHz) and
subharmonic (9.6GHz) VCO.

Table 1. Result of fundamental and subharmonic

VCO.
Fundamental Subharmonic
Freq 4.8GHz 9.6GHz
Output -0.942dBm -9.751dBm
Power
Phase -107.2 dBc/Hz -111.8 dBc/Hz
Noise
4. MIXER

The mixer circuit uses the top half of the traditional
Gilbertcell topology. Fig. 4 shows a simplified circuit
schematic of the mixer in the subharmonic mode. The
common-mode node where the second harmonic signal
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is dominant is connected to the sources of the RF
transistors.

These 21  signals at CM1 and CM2 are 180 out of
phase with each other, which maintains the double-
balanced characteristic of the Gilbert cell. The circuit
could be implemented as shown in Fig. 4 as a single-
band mixer with the doubled LO frequency output. If
implemented in this way, the use of an additional
frequency doubler circuit connected to the fundamental
output could be avoided, thus saving chip space and
reducing power consumption.

IFOutput

RF Input

Vout4
270

180°
Vout2
Z |

3t 3t
cMm1
©
5| e
HE

5
2

Fig. 7. Simplified circuit of the proposed dual-band
SOM in subharmonic mode.

A simplified circuit diagram of the dual-band SOM
is shown in Fig. 5. Included in this figure are the four
source—follower buffers that are connected to the
fundamental quadrature oscillator output. The value of
R, was selected to equalize the fundamental signal
amplitude with the 2f] o signal amplitude at CM1 and
CM2. To select the fundamental mode for the mixer,
the control voltage V¢ is set to V4, turning on switches
SW1 and SW2 and turning off switches SW3 and SW4.
This connects the 0° and 180° fundamental outputs at
flo to the sources of the RF transistors. The 90° and
270° fundamental outputs are connected to identical
source—follower buffers as the 0° and 180° outputs to
maintain equal loads to the oscillator tank.

Note that the 90° and 270° fundamental outputs of
the oscillator are not used in the fundamental mode of
operation; however, they are required to generate the
211 o signal at CM2 for the subharmonic mode, and they
could be used elsewhere in the system if needed. For
the subharmonic mode, the control voltage V=0 V,
turning off switches SW1 and SW2, and turning on
switches SW3 and SW4. This connects the 0° and 180°
degree 2f] o signals to the sources of the RF transistors.

Each of the two outputs of the mixer at Vi, and
V. are connected to source—follower buffers and
connected to bonding pads. These two signals are
combined off-chip and connected to the 50-

14

Vol. 5, No. 2, June 2011

measurement equipment. The 50Q source—follower
buffers and combiner were designed such that the
output voltage amplitude across the load of the
measurement equipment is equal to (Vi - Vig.).

RF Input IFOutput
0° i
Mixer E

LOInput 180

Fig. 8. Circuit of the proposed dual-band SOM.

Alternative circuit configurations are possible to
achieve a similar behavior to that presented in this
study. For example, an oscillator whose fundamental
frequency is 2f; o followed by a frequency divider to
generate the fio signal could be used. While the
quadrature oscillator approach employed here does lead
to a certain overhead in dc power dissipation due to the
need for two oscillators, using the frequency-divider
method would not necessarily bring significant savings
in dc power since frequency dividers can -easily
consume as much power as a single oscillator. Another
possible configuration is to only use the fundamental
outputs of the quadrature oscillator along with the
subharmonic mixer described in [16] and [17]. In that
type of subharmonic mixer, the four transistors in the
LO path require quadrature inputs at 0°, 90°, 180°, and
270°, which is precisely what the quadrature oscillator
provides. In order to achieve dual-band operation, a
series of switches is needed to connect the 0°, 90°,
180°, and 270°, signals to the appropriate LO
transistors for the subharmonic mode, and only connect
the 0° and 180° to the appropriate LO transistors for the
fundamental mode. It was found through simulation
that greater conversion gain could be achieved by
directly using the doubled frequency component
already present at the common mode in contrast to
using the quadrature fundamental outputs with an LO
doubling pair. Furthermore, a lower noise figure was
obtained by using the 2fio signal directly from the
oscillator due to the elimination of the switching noise
that accompanies the LO doubling pairs in the
subharmonic mixer topology of [16] and [17].
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5. SIMULATION RESULTS
5.1. Fundamental Results

Supply voltage V44 was set to 1.8V. The conversion
gain of the mixer was a measurement Fundamental
states at various RF frequencies, and the results are
shown in Fig. 6. An IF frequency of 200 MHz was
used, giving an RF input frequency 5.0 GHz
fundamental mode, respectively. Fig 7 shows noise
figure in fundamental mode.

12
4 r_/—v\/\/\/
10 —
(.’JI |
g 9
(=] _
[&]
3|
7
° I R
. IS ] ] fas] fa>] —
= o = o = i =
m T m T m m m
o o o o o o o
RF freq
Fig. 9. Conversion gain at various RF input

frequencies for a fixed IF frequency of 200 MHz. in
fundamental mode
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Fig. 10. Noise Figure in Fundamental Mode

5.2. Subharmonic Results

The conversion gain of the mixer was a
measurement Fundamental states at various RF
frequencies and the results are shown in Fig. 8. An IF
frequency of 200 MHz was used, giving an RF input
frequency 9.8 GHz fundamental mode, respectively.
Fig 9 shows noise figure in fundamental Mode. Table
2. Shows Result of fundamental and subharmonic
mixer.
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Fig. 11. Conversion gain at various RF input
frequencies for a fixed IF frequency of 200 MHz. in
subharmonic Mode
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Fig. 12. Noise Figure. in Subharmonic Mode

Table 2.Resuat of fundamental and subharmonic

Mixer.
Fundamental Subharmonic
Conv_gain(dB) 10.5-11.2 9-11.3
Noise Figure(dB) | 10.1-11 9.13-9.23
11P3 10.42 8.33
Isolation 40 45
RF2IF(dB)

6. CONCLUSION
A new topology for a dual-band SOM has been
demonstrated using CMOS 0.18 gm technology. This

technique uses both the fundamental and second
harmonic outputs of a single on-chip quadrature VCO
connected to a mixer through complementary switches.
For C-band operation, switches connect the
fundamental oscillator output to the mixer, and for X-
band operation, switches connect the second harmonic
of the oscillator to the mixer. The mixer achieves a
conversion gain of at least 9 dB over RF frequencies of
5.0 to 6.0 GHz and from 9.8 to 11.8 GHz while
maintaining a constant IF output. This circuit could be
used as part of a multistandard system on a chip to
reduce the number of circuit elements required,
potentially resulting in lower power consumption and
reduced costs. This technique could also be very
attractive to millimeter-wave frequencies where the use
of a frequency-doubler circuit connected to the output
of an LO could be avoided, and in cases where the use
of a broadband mixer circuit is not possible.
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