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Abstract—A
-boosted transconductance configuration
mixer is proposed. Based on this topology, two broadband monolithic InGaP HBT mixers, one single device and one balanced,
have been developed for –
-band applications. The single
1.5 dB within the
device mixer has a conversion gain of 4.5
RF frequency range from 5 to 17 GHz. The balanced design has
about 3.5
1.5-dB conversion gain within a frequency range
of 6–18 GHz. The two mixers have very good linearity with a
third-order intermodulation intercept point (IIP3) higher than 16
and 20 dBm for the single device mixer and single balanced mixer,
respectively. Both mixers are pumped by a local oscillator power
of 5 dBm. To the authors’ best knowledge, the designed mixers
demonstrate the highest IIP3 with positive conversion gain in this
frequency range. Compact designs are achieved with chip sizes
less than 0.5 mm . DC power consumptions are 30 and 50 mW,
for the single device and single balanced mixer, respectively.
-boosted, InGaP HBT, transconductance
Index Terms—
mixer, transformer balun.

I. INTRODUCTION

H

IGH-LINEARITY transceivers are mandatory in microwave and millimeter-wave high data-rate communication systems when using high-order modulation schemes.
The mixer in such systems is responsible for the frequency conversion, and often limits the linearity of the transceiver. In the
receiver, the down-conversion mixer is required to be able to
handle large input signals from the low-noise amplifier (LNA)
without causing significant intermodulation (IM), harmonic
generation, and gain compression[1], [2], .
The frequency conversion in mixers is generally achieved
through two distinctly different mechanisms; by switching the
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RF current with the LO frequency, secondly utilizing the transistor’s nonlinear (quasi-square law) characteristic to generate
the desired frequency signal. The former is normally realized
with the so-called Gilbert cell [3]. This type of mixer could
provide a decent conversion gain, port isolation, and noise
figure; however, its linearity is modest, limited by the linearity
of the differential transconductance pair at the RF input stage.
To achieve simultaneously a high linearity and a good conversion gain, many linearization methods have been applied,
such as adding source degeneration resistors [4], using a folded
cascode Gilbert cell [5], [6] and a bisymmetric class-AB input
stage [7]–[9], employing out-of-band harmonic terminations
[10], and integrating a diode linearizer [11]. However, these
linearization techniques, in general, are at costs of either circuit
complexity or conversion gain.
-mixer) have
Alternatively, transconductance mixers (
demonstrated better linearity performance than their Gilbert
counterpart. They have been implemented in CMOS [12] and
-mixer consists
SiGe BiCMOS [13], [14] technologies. The
of either a single-transistor or parallel-connected transistors. In
order to produce the time-varying transconductance and realize
the frequency conversion, the local oscillator (LO) voltage is
normally applied at the base (or gate) terminal. It requires a
combiner to provide a linear summation of the LO and RF
signal. If using lumped components ( , ) to build such a
power combiner, its frequency bandwidth is quite narrow
(less than 15% [13]). If using a broadband Wilkinson power
combiner, it is normally too large to be integrated on-chip for
a frequency lower than 20 GHz. Alternatively, the LO and RF
signals could be added at the transistor’s emitter (source) and
base (gate) separately to realize a emitter (source) pumped
configuration [15]–[17] in order to avoid the power combiner.
However, these types of emitter pumped mixers suffer from a
7 dB and requires a large LO power,
conversion loss of 3
e.g., 7 10 dBm to achieve good performances. Furthermore,
the LO and RF signals could be added at the drain and gate
separately, to form a so-called drain mixer [18], [19]. Such a
mixer, however, generally achieved a higher conversion loss
and poorer linearity than either an LO source or gate pumped
mixer.
In order to improve conversion gain, linearity, and to reduce
LO power consumption, the emitter-pumped transconductance
-boosted technique. This techmixer is modified by using a
nique, i.e., introducing an inverting amplification between the
base and emitter terminals has been used in differential LNAs
and voltage-controlled oscillators (VCOs), as well as multiplier
designs [20]–[22], shown in Fig. 1. Here, it is used for mixer
designs to improve the merit of interest. In order to prove this
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Accordingly, the circuit appears to be a seriesnetwork with
, resonant frequency
, and quality factor
, where

(2)

Fig. 1. Basic schematic of

-boosted configNext, consider the transformer-coupled
uration in Fig. 2(b), where
and
are identical to its conventional counterpart.
The input admittance of the transformer-coupled
-boosted configuration is found on Fig. 2(b). Applying
Kirchhoff’s current law (KCL) at the base and emitter terminals
with mutual inductance
between the primary and secondary
windings yields [21], [23]

-boosted feedback.

(3)
(4)
(5)
(6)
Fig. 2. (a) Conventional transconductance mixer. (b) Transformer-coupled
-boosted transconductance mixer.

Solving (3)–(6) with coupling coefficient
and turn-ratio
gives the input admittance

concept, the proposed mixer topology has been implemented
with InGaP HBT technology.
This paper is organized as follows. Section II details the principle of the transformer coupling
-boost scheme applied to a
transconductance mixer. Implementations of mixer circuits are
discussed in Section III. The experimental results are presented
in Section IV. Finally, conclusions are given in Section V.
II. TRANSFORMER COUPLED

-BOOSTED THEORY

As shown in Fig. 2, a transformer is used in a “
-boosted”
configuration, which acts as an inverting amplifier with gain less
than 0 dB, and avoids nonlinearity resulting from an active amplifier. The transformer consists of primary and secondary windings,
and , respectively. Magnetic coupling between
and
provides an antiphase relationship between the emitter
and base terminal. The RF signal is applied at the base, and its
inverted one is added at the emitter, thus the RF signal swing
across the base–emitter junction is boosted.
To study the impact of transformer coupled
-boosted
topology on bandwidth and effective transconductance, a
conventional inductor degenerated configuration without and
with transformer coupling were considered, as shown in
Fig. 2(a) and (b). In the small-signal expression,
are the
parallel combinations of the base-charging capacitance
and
base–emitter junction capacitance
and an extra capacitance
.
Starting with the circuit in Fig. 2(a), it is straightforward to
prove that the input impedance
is described by

Thus, similar to (1), the input admittance of the transformer
coupled
-boosted configuration appears as a parallel
circuit resonant at
with
input admittance
, and
quality factor
, where

(1)

(11)

(7)
where
(8)
(9)
(10)
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Since both circuits in Fig. 2 are designed to resonate at the same
frequency and as mentioned earlier,
includes a shunt capacitance
, which can be appropriately selected to ensure
satisfies the resonance condition mathematically described in
(12) as follows [23]:

(12)
Since the quality factor of the matching network is inversely
proportional to the bandwidth, from (12), one observes that the
new
condition gives

(13)

where
is effective matching bandwidth.
Therefore, as compared to the conventional inductor degenerated configuration, transformer coupled
-boosted topology
effectively achieves a higher matching bandwidth.
The equivalent transconductance of the transformer-coupled
-boosted configuration can also be found via solving
(3)–(6),

Fig. 3. Effective transconductance increased as the function of

.

( is normally around 1 nH and
is constrained to be less
than 100 ms), as shown in Fig. 3.
Fig. 3 offers intuition on the impact of
on the
transconductance boosted effect. As the increases of and ,
the effective transconductance can be improved by a factor of
up to 3.
Note that the improvement of the effective transconductance
also relates with the turns ratio and coupling factor . However, due to the nonideality of an on-chip transformer, i.e., parasitic resistance and capacitance, which results in losses and
self-resonance, a turn ratio of 2 is chosen. While, the coupling
factor
could be up to 0.8 employing multi-layer broadside
coupling [24].
III. MIXERS DESIGN

(14)
compared to the conventional inductor degenerated configuration, shown in Fig. 2(a), which has the effective transconductance
, where

(15)
As a result, (13) and (14) give

(16)

Further

insight
and

regarding the relationship between
can be obtained by specifying
GHz and

To verify the principle of the
-boosted transconductance mixer, two mixers, a single device mixer and a single
balanced mixer, have been designed. Both mixers are implemented in WIN Semiconductors 6-in InGaP–GaAs HBT
process H01U-10. The emitter finger width is 1 m and
GHz. The prototype circuits utilize a
two-finger HBT with finger length 20 m and width 1 m
to achieve simultaneous good conversion gain and linearity
at the designed frequency range. The designs are based on
an in-house developed compact large-signal HBT model,
which is an extension of Chalmers-Mitsubishi HBT model
[25]. The parameters are extracted using dc measurements,
bias-dependent small-signal -parameters, and low-frequency
noise measurements. Most parameters can be extracted directly
from measurements, e.g., the maximum current gain BETA,
respective to peak collect current
and peak base voltage
. The ideality factors
and
are extracted from
Gummel plots. The depletion and diffusion capacitances, as
well as the parasitic inductances and resistances, are extracted
from the bias-dependent -parameters.
A. Single Device Mixer
The schematic of the proposed single device mixer is shown
in Fig. 2(a). The circuit is configured as an emitter-pumped configuration, with an RF signal applied to the base terminal, and
LO signal applied to the emitter terminal. Moreover, a resultant
down-conversion IF signal extracted from the collector terminal
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1; the power transmission from the primary input
to secondary output
is realized via both edge and broadside coupling with a turn-ratio of 1:2. Finally, the central taps
of the secondary windings and the end terminal of the primary
winding are grounded together. Noted here, a cross-connection is used to realize the antiphase magnetic coupling, as highlighted in Fig. 5(b). The whole transformer has a compact size
of 320 m 280 m.
Fig. 4. (a) Layer stack. (b) Physical layout of the transformer.

and high frequency components are filtered out by a shunt capacitor at the output port. provides a dc bias for the transistor
and an ac ground for .
Fig. 4(a) shows the adjacent metal layer stack of the process.
The top thicker metal layer, metal 2, has a thickness 2 m and
a space 0.4 m to the lower thinner metal layer, metal 1, which
has a thickness 1 m. At the bottom of the metal layer stack,
there is a thin metal layer,
, with thickness 0.3 m.
Fig. 4(b) shows the proposed transformer with turn-ratio
. The primary winding was fabricated with the top thick metal,
metal 2, and the secondary one was fabricated with both metal 2
and metal 1 to achieve a high coupling coefficient and compact
size. The metal width was chosen to be 20 m, as a tradeoff between the metal loss and the parasitic capacitances. The first turn
of the secondary winding was fabricated with metal 1, vertically
stacked to the primary winding to realize broadside coupling,
and the second turn was fabricated with metal 2, with a metal-tometal spacing of 5 m, neighbor to the primary winding as close
as possible to realize a tight edge coupling. The geometry size
of the designed transformer is 190 m 130 m and the simulated coupling coefficient is around 0.8. For the detailed design equation about the transformer, we refer to [24].
B. Balanced Mixer
-boosted topology can
The proposed transformer coupled
also be applied into the design of a balanced mixer to improve
the linearity and port isolation further.
The schematic of the conventional and proposed balanced
mixer are shown in Fig. 5(a) and (b). Similar to the RF part, in
order to get a differential RF input signal, a transformer balun
was designed. It was implemented by grounding the center tap
of the second winding. As shown in Fig. 5(c) and (d), is be
connected with the RF input; while
differential output
is connected with the base terminals of the transistor pair. As
for the LO part, in order to introduce an inverting amplification between the base and emitter terminals, shown in Fig. 5(b),
a differential trifilar transformer with a turn ratio of 1:1:2 was
designed, as shown in Fig. 5(e) and (f). The transformer consists of three groups of windings of interwound 20- m-wide
microstrip lines with 5- m line spacing. The primary winding
was fabricated on the top thick metal, metal 2, and the secondary
winding
was fabricated on metal 1. The power transmission from the primary input to secondary output
is realized via broadside coupling with a turn-ratio 1:1. The
second winding
uses two turns; the first turn is fabricated on metal 2, and the second turn is fabricated on metal

IV. MEASUREMENTS RESULTS
The single device and balanced mixers are fabricated and
measured. Fig. 6 shows chip photographs of the circuits. The
chip sizes of the single device and balanced mixer are 0.50 and
0.62 mm including all the pads, respectively. The mixers were
measured using on-wafer probing system with LO power of
5 dBm and quiescent dc-bias current of 13 and 22 mA, respectively, from a 2.3-V voltage supplier. They were characterized
over the frequency range from 3 to 20 GHz.
The conversion gain of the proposed mixers were measured
for a fixed IF frequency of 500 MHz with both RF and LO
frequencies swept in frequency up to 20 GHz. The RF signal
power was set to be 15 dBm. The conversion gains versus RF
frequency for both mixers are plotted in Fig. 7. The single device mixer achieved a conversion gain of better than 3 dB over
a wideband frequency from 6 to 15 GHz. A 3-dB bandwidth
for RF signal is 12 GHz, i.e., from 5 to 17 GHz with an average conversion gain of 4.5 dB. The conversion gain peaks at
8 and 14 GHz with 5.8 dB. On the other hand, the balanced
mixer presented a 3-dB bandwidth across the RF frequency of
6–18 GHz with a conversion gain variation of 3.5 1.5 dB. This
mixer’s gain is around 1.5–2 dB lower than its single device
counterpart. The reason can be attributed to the loss of transformer balun at RF input port. The measured conversion gain
is consistently 1–2 dB lower than simulation for both mixers.
Part of the difference seen between measurements and simulations can be attributed to frequency-dependent losses in the RF
path not accounted for by the RF power calibration procedure.
Also, the input/output (I/O) ground–signal–ground (GSG) pads
and coplanar waveguide (CPW) interconnects at the RF and LO
inputs were not included in the simulations.
Fig. 8 describes the conversion gain variations as the LO
power is swept from 4 to 8 dBm at a frequency of 12 GHz.
We can find that approximate 5-dBm LO power is required to
realize peak conversion gains for both mixers. Approximately
2 dB more LO power was required to realize peak conversion
gain for both mixers in measurement compared to simulation.
This is due, in part, to the shifting of the LO (large-signal) input
impedance level and inductors and capacitors component values
due to process variations also contribute to the observed discrepancies.
Conversion gain versus IF frequency is plotted in Fig. 9 with
LO frequency equal to 14 GHz and LO power equal to 5 dBm.
The 3-dB IF-bandwidth is determined by the on-chip IF filter,
which yields a cutoff frequency around 0.8 GHz for single device mixer and 1.9 GHz for the single balanced one.
Since the magnetic coupling between the RF and LO signal
was introduced by the transformer, the LO-RF port isolation
characteristic was very critical. The simulated and measured
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Fig. 6. (a) Microphotography of the single device mixer. (b) Microphotography
of the balanced mixer.

Fig. 7. Power conversion gain versus RF input frequency.

Fig. 5. (a) Schematic of a conventional balanced mixer. (b) Schematic of the
-boosted balanced mixer. (c) Function equivalent circuit of the
proposed
transformer. (d) Physical layout of the transformer. (e) Function equivalent circuit of the transformer. (f) Physical layout of the transformer.

LO-RF isolations are presented in Fig. 10. The two mixers
had similar features. At the frequency below 10 GHz, the
isolation is better than 22 dB; as the RF frequency increased,
it gets worse drastically. Compared to the measured values,
the measurements are around 5 dB lower than the simulations.
This is due to the inaccurate passive and transistor models for
electromagnetic (EM) simulation. The decrease of isolation
value with the LO power increase is due to the transistor
nonlinear impedance variation. However, over the frequency
range of 3–18 GHz, they are still better than 16 dB. As for the
LO-IF and RF-IF isolations, they are always better than 30 dB
for both mixers.

Fig. 8. Power conversion gain versus LO power.

The simulated and measured noise figure performances are
also shown in Fig. 11. The measured double-sideband (DSB)
noise figures are more than 15 and 18 dB, respectively. Compared to the simulations, more than 5-dB discrepancies can be
found. We think noises coupled from the LO port degrades the
performance during the experiments. Some more work on the
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Fig. 9. Power conversion gain versus IF frequency.
Fig. 12. IM3 and fundamental power for single device mixer.

Fig. 10. LO-RF isolation versus RF input frequency.
Fig. 13. IM3 and fundamental power for balanced mixer.

Fig. 11. Noise figure versus RF frequency.

measurements and simulation would probably improve and testify the results further.
The linearity performance of a mixer, as evaluated in terms of
the third-order intermodulation intercept point (IIP3), is defined
as the extrapolated point at which the amplitude of the thirdorder intermodulation (IM3) product and the IF fundamental
signal are equal. Figs. 12 and 13 depict the IM3 product and

Fig. 14. IIP3 and IM3 versus LO power.

fundamental signal power as functions of the RF input power
for single device and balanced mixers, respectively. There are
two signals fed to the RF input ports for IIP3 measurements,
one at 8.5 GHz and the other at 8.51 GHz. The LO signal has
a frequency of eight single device mixer exhibiting an IIP3 of
16 dBm and GHz and power level of 5 dBm. Fig. 12 shows
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TABLE I
PERFORMANCE COMPARISON BETWEEN THIS STUDY AND OTHER WORKS

the proposed input-referred 1-dB compression point (IP1 dB)
of 3 dBm at the RF frequency of 8 GHz. Fig. 11 describes the
proposed balanced mixer exhibiting an IIP3 of 21 dBm and IP1
dB of 8 dBm at the RF frequency of 8 GHz.
It has been known that the IM output level of a mixer usually decreases with an increase in the LO level [26]. At high
LO levels, the junction operates more like a switch than a continuous nonlinearity, and IM3 current is generated only during
the transition between reverse bias and hard forward conduction. This transition becomes shorter as LO power is increased.
This simply states, high LO level input will lead operating the
mixer in the way of reducing the length of this transition and a
consequent of reduction in IM levels. In our transformer coupled mixers design, with the help of antiphase transformer coupling, the base–emitter LO signal voltage swing is boosted by
the factor of
, thus the IM3 output level is decreased
drastically. To verify it, the IIP3 and IM3 productions as functions of the LO input power at LO frequency of 8 GHz are
depicted in Fig. 14. The drop in IM3 level with increased LO
power shown in Fig. 14 agree with the analysis above. For both
single device and balanced mixers, when an LO input raise up
to 5 dBm, the IM3 production decrease to 76 and 87 dBm,
respectively, which predict an peak IIP3 of 16 and 21 dBm. Further increasing the LO power will not improve the IM3 level.
Table I summarizes the performances of recently published
– -band mixers. It shows that the presented mixers provide
the highest IIP3 compared to the other designs. The mixers also
exhibit other good performance, like a wide 3-dB RF bandwidth, moderate conversion gain and relative low dc power consumption.
V. CONCLUSION
In this paper, broadband high-linearity mixers using transformer coupled
-boosted topology have been implemented
with WIN 1- m HBT process H01U-10. The transformer
coupled
-boosted method is adopted to achieve good conversion gain and excellent linearity over large bandwidth. The
single device mixer acts from 5 to 17 GHz and has conversion

gain of around 5 dB, IF 3-dB bandwidth of 0.8 GHz, and IIP3
of 16 dBm. The balanced mixer operates from 6 to 18 GHz
and has conversion gain of around 3 dB, IF 3-dB bandwidth of
1.9 GHz, and IIP3 of 21 dBm. Both mixers occupy an area of
less than 0.5 mm . The results demonstrate that the transformer
coupled
-boosted transconductance mixer has potential
to be used in high-performance microwave/millimeter-wave
receiver.
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