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6–12 GHz double-balanced image-reject
mixer MMIC in 0.25 mm AlGaN/GaN
technology

marc van heijningen, jeroen a. hoogland, peter de hek and frank e. van vliet

The front-end circuitry of transceiver modules is slowly being updated from GaAs-based monolithic microwave integrated cir-
cuits (MMICs) to Gallium-Nitride (GaN). Especially GaN power amplifiers and T/R switches, but also low-noise amplifiers
(LNAs), offer significant performance improvement over GaAs components. Therefore it is interesting to also explore the pos-
sible advantages of a GaN mixer to enable a fully GaN-based front-end. In this paper, the design-experiment and measurement
results of a double-balanced image-reject mixer MMIC in 0.25 mm AlGaN/GaN technology are presented. First an introduc-
tion is given on the selection and dimensioning of the mixer core, in relation to the linearity and conversion loss. At the inter-
mediate frequency (IF)-side of the mixer, an active balun has been used to compensate partly for the loss of the mixer. An
on-chip local-oscillator (LO) signal amplifier has been incorporated so that the mixer can function with 0 dBm LO input
power. After the discussion of the circuit design the measurement results are presented. The performance of the mixer core
and passive elements has been demonstrated by measurements on a test-structure. The mixer MMIC measured conversion
loss is ,8 dB from 6 to 12 GHz, at 1 GHz IF and 0 dBm LO power. The measured image rejection is better than 30 dB.
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I . I N T R O D U C T I O N

Gallium-Nitride (GaN) semiconductor technology is well
known for power amplifier and switch applications, due to
its high-power density and high breakdown levels. Also for
low-noise amplifiers GaN technology can be interesting
because of the high input-power handling capability, which
could eliminate the use of a limiter in front of the LNA.
One function that has not been addressed much in GaN tech-
nology is the mixer. Especially in radar receiver front-ends the
linearity performance in terms of input-power compression
point is very important. Possibly GaN technology can play a
role here. However, most publications on GaN mixers focus
on technology demonstration only, using a single transistor
as mixer element, such as in [1, 2]. Only a few publications
deal with complete GaN mixer monolithic microwave inte-
grated circuits (MMICs). In [3] a single-balanced cold-FET
mixer is presented. The Ku-band design features 9 dB conver-
sion loss at 10 dBm LO power with 10 dBm input-power com-
pression point (P1dBin). In [4] a single quad FET ring mixer is
presented with 13 dB conversion loss at 23 dBm LO power
and also about 10 dBm P1dBin. These compression levels
are comparable to what has been achieved in GaAs [5, 6]

and even in SiGe HBT technology [7], with diode quad ring
mixers. In the wide band-gap semiconductor material silicon-
carbide (SiC) mixers have been presented with higher input-
power compression point, but at the same time requiring a
large LO power, such as in [8], with a P1dBin of 23 dBm at
24 dBm LO power.

Main drawback of the use of GaN technology for mixers is
that the required passive elements, such as the baluns and
hybrids, consume a large part of the expensive layout area.
An advantage of using GaN is the possibility to realize a
fully integrated receive chain in one technology. Other advan-
tages are the possibility to easily integrate an LO amplifier and
the inherent robustness of the design against damage due to
overdrive conditions.

In order to explore the possibilities and limitations of a
GaN mixer, a double-balanced image-reject FET quad ring
mixer MMIC has been designed in 0.25 mm AlGaN/GaN
technology of UMS (GH25-10 technology). This design fea-
tures an integrated LO amplifier, very compact 908 hybrid,
radio frequency (RF) baluns, and active intermediate fre-
quency (IF) baluns.

First the linearity and conversion loss behavior related to
the selection of the switch devices is discussed in Section II.
The design of the mixer and the passive components is dis-
cussed in Section III. Section IV shows the measurement
results on a test structure of the mixer core. Section V
shows the measurement results of the mixer MMIC, com-
pared with the simulation results and finally the results are
discussed in Section VI.
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I I . M I X E R P E R F O R M A N C E

The mixing operation can be considered as a set of switches
that are operated by the LO signal to modulate the RF
signal. As switching element a diode can be used, which is
forward or reversed biased by the LO signal, or an unbiased
switch transistor (cold-FET), which is turned on and off via
the LO signal applied as gate bias [9]. Important criteria
when selecting and dimensioning the switch (diode or transis-
tor) are the linearity and conversion loss.

A) Linearity behavior
The linearity behavior of a mixer, in terms of input-power
compression (P1dBin), is limited by the non-ideal switching
behavior of the diode or transistor. In case of a diode mixer
compression will occur as soon as the RF signal power over-
rides the LO power to switch the diodes. Therefore the
P1dBin of diode mixers is directly related to the LO power:
increasing the LO power will increase the P1dBin. The
maximum allowed LO power is however limited by the
forward current handling or the reverse voltage breakdown
of the diodes. Therefore the best linearity performance has
been reported for SiC-based diode mixers, at the expense of
large LO power levels.

For switching transistors a different mechanism is limiting
the linearity. The LO power is driving the gate of the switching
transistor from pinch-off to conduction. For minimum con-
version loss the nominal gate bias voltage is approximately
equal to the threshold voltage. The maximum voltage swing
on the gate is limited by forward conduction (for positive
gate voltage) or breakdown (for negative gate voltage) of the
gate–source diode. In case of a GaN transistor with a threshold
voltage of 23 V, the voltage swing is limited to approximately
27 to +1 V. The DC Ids–Vds characteristic of a 2 × 75 mm
switch transistor is shown in Fig. 1 in blue, for the on- and off-
state (Vgs ¼ + 1 and 27 V). This figure clearly shows the
non-zero on-resistance of this small switching transistor.
Also visible is that the transistor starts to conduct for large
negative drain–source voltage, as soon as the gate–drain
voltage is larger than the threshold voltage. This effect is limit-
ing the maximum drain–source voltage swing and will cause
the compression behavior as shown in Fig. 1. An ideal quad
ring mixer has been simulated, using the 2 × 75 mm switch
transistor from the UMS GH25-10 library. Figure 1(a)
shows the case where the RF signal has reached the 1 dB com-
pression point, whereas Fig. 1(b) shows the mixer in 4 dB
compression. It can also be seen that the drain–source
current saturation, even when using a small transistor, is not
an issue at all. The advantage of a GaN switch transistor
over GaAs is that the GaN transistor has a larger threshold
voltage and thus a larger LO voltage swing can be allowed,
giving a higher compression point.

B) Conversion loss behavior
For minimum conversion loss the switching element should
approach an ideal switch as good as possible: it should have
a low on-resistance and low off-capacitance. This can also
be expressed in terms of the reflection coefficient of the
switch [10]: the difference between the on-state and off-state
reflection coefficient should be maximized. Selecting the best
transistor size for minimum conversion loss is a trade-off

between low on-resistance (large device) and low off-
capacitance (small device). Analysis has shown that for the
used GaN technology it is more important to have a low cap-
acitance than a low resistance. From the available switch tran-
sistors from the GH25 library (2 × 75 mm, 4 × 75 mm, and
8 × 75 mm) the smallest device has been selected as switching
element. A comparison of the simulated conversion gain using
these three transistor sizes is shown in Fig. 2. As can be seen,
the smallest transistor offers the lowest conversion loss.

Fig. 2. Simulated conversion gain for an ideal 4 FET quad ring mixer using
different size GH25 switch transistor models at Vgs ¼ 2 3.0 V (RF ¼
10 GHz, LO ¼ 9 GHz).

Fig. 1. DC IV characteristics of a 2 × 75 mm switch FET (blue) and the
dynamic Ids–Vds excursion of this FET in a quad ring mixer (red)
simulated up to 1 dB (a) and 4 dB (b) gain compression.
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However, it must be noted that the main effect seen in this
graph is that a larger transistor requires more LO power
and that the minimum conversion loss is almost the same
for the three transistor sizes.

I I I . M I X E R R E Q U I R E M E N T S A N D
A R C H I T E C T U R E

The following specifications for the mixer have been defined:

† Image rejection .25 dB,
† X-band RF,

† 1–2 GHz IF,
† 0 dBm LO power,
† Conversion gain .0 dB,
† High LO–RF isolation,
† Low spurious output signals,
† Minimum power dissipation.

Because of the large RF bandwidth requirement, no fixed
image-rejection filtering is possible, and an image-reject
mixer topology is needed. Given the requirement for high
LO–RF isolation, and the fact that the LO frequency falls
inside the RF bandwidth so that LO filtering is not possible, a
double-balanced mixing core is preferred. The easiest way to

Fig. 3. Schematic and photograph of the mixer core with the quad ring FETs, LO balun, RF balun, and differential IF output (layout area about 1 mm2).
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implement a double-balanced mixer core is to use a quad ring
structure, which also provides easy broadband matching. The
schematic and layout of the quad ring structure are shown in
Fig. 3, together with the LO and RF balun. These baluns have
been realized using very compact Marchand-type baluns [11].
Active baluns have not been considered because these would
introduce too much power dissipation. The LO balun is also
used to supply the gate voltage to the mixing transistors. The
ground connection for the transistors is realized via the RF
balun. To optimize the performance, the 4th port of these
baluns has been connected via a small capacitor to ground,
instead of leaving these ports open. As discussed in the previous
paragraph, a switch transistor with a small total gate width (2 ×
75 mm) has been selected as switching element.

To realize the image-rejection function two mixers are
needed that operate in quadrature. Therefore a 908 hybrid is
needed in the LO or RF path. To minimize the conversion
loss this hybrid has been placed in the LO path. The phase
and amplitude accuracy of this hybrid will determine the
maximum achievable image-rejection. An expression for the
achievable image rejection as function of the gain and phase
imbalance in given in [12]:

IR [dB] = 10 log
1 + 2(1 + d) cos(1) + (1 + d)2

1 − 2(1 + d) cos(1) + (1 + d)2 , (1)

where d is the amplitude imbalance and 1 the phase
imbalance.

A phase accuracy of better than 58 and amplitude accuracy
better than 1 dB is needed to achieve the specified image rejec-
tion of 25 dB. Simulation has shown that the phase and amp-
litude balance of the LO and RF Marchand baluns play no
significant role in the image-rejection limitation.

To realize the 908 hybrid, a coupled-inductor transformer
[13, 14] has been used as compromise between performance
and layout area. Figure 4 shows the equivalent circuit sche-
matic of such a hybrid. The isolated port is loaded by 50 V.
Design equations for the component values and an implemen-
tation in CMOS technology are given in [14].

By means of tuning the line width, spacing, and number of
turns a spiral transformer implementation of this hybrid has
been realized. The layout of this hybrid is shown in Fig. 5.
EM simulation shows a phase accuracy of +58 and amplitude
accuracy of +3 dB, from 6 to 12 GHz. These figures would
result in a poor image rejection, ,15 dB. However, due to
overall circuit and layout optimization and tuning, a good
image rejection with such a hybrid is possible, as shown in
the measurement results. Finally, to divide the RF signal
over the two mixers, a lumped-element Wilkinson splitter
has been used.

The most difficult part of the design has been the IF path.
To realize a single-ended IQ-output an IF balun is needed.
Because of the relatively low IF a passive balun will become
quite large and lossy. An example of a possible IF balun has
been shown in [4], where a so-called Triformer [15] structure
has been used at an IF about 2 GHz. The amplitude and phase
balance performance of this structure is good, but the inser-
tion loss is high (.6 dB, including the splitting loss) and
increases rapidly for lower frequencies. To overcome this
loss and to compensate for the conversion loss of the mixer
core additional IF amplification would be needed, which will
also require additional layout area. Instead of a passive IF
balun an active IF balun has been realized to combine the
balun function and IF amplification. This balun is realized
with a stack of two 2 × 75 mm transistors, like a half-bridge
structure. The simulated power gain is higher than 10 dB,
from 0.1 to 2 GHz. An additional LC filter has been added
in the output to further reduce any spurious signals. The
drain bias is 10 V and the current consumption ranges from
17 to 33 mA depending on the gate bias voltage. The schema-
tic representation of this active IF balun is shown in Fig. 6 and
the layout is shown in Fig. 7.

Finally, an LO amplifier has been included. The mixer core
needs approximately 15–20 dBm LO power for optimum con-
version loss. The specified external LO power is 0 dBm.
Therefore a two-stage amplifier has been added, consisting
of a 2 × 30 mm input stage and 4 × 30 mm output stage.
The transistors have been stabilized using RC feedback from
drain to gate and an additional shunt resistor from the gate
to the ground. The simulated power gain is higher than
15 dB and the output power is higher than 15 dBm from 6
to 10.5 GHz for an input power of 0 dBm. Drain bias is
10 V and the current consumption is about 20 mA.

The complete architecture of the image-reject mixer is
shown in Fig. 8 and Fig. 9 shows a photograph of the realized

Fig. 4. Equivalent circuit of the coupled inductor hybrid.

Fig. 5. Photograph of the coupled inductor 908 hybrid to realize the two LO
signals.

Fig. 6. Schematic of the active IF balun (gate bias connection not shown).
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MMIC. All parts of the layout have been optimized using two-
dimensional (2D) EM simulations to obtain maximum overall
performance for conversion gain and image rejection. As can
be seen the two mixer cores use about one-third of the total
layout area. The IF baluns and the LO amplifier each use
also about one-third of the area. An option in the layout has
been included to bypass the LO amplifier, since simulation

has shown that the bandwidth of this amplifier is limiting
the bandwidth of the overall circuit. The chip dimension
was not optimized, and could have been smaller, but was dic-
tated by other designs on a multi-project wafer run.

I V . M I X E R C O R E T E S T S T R U C T U R E
M E A S U R E M E N T S

To analyze the performance of the double-balanced mixer
core, a test structure has been designed consisting of only
one passive mixer with a Triformer IF balun to allow single-
ended IF measurements. The layout of this test structure is
shown in Fig. 10.

The conversion gain of this test structure has been mea-
sured versus RF at IF from 1.0 to 3.0 GHz and 15 dBm LO
power. At 1.5 GHz IF frequency Fig. 11 shows that the meas-
urement result compares very well with the simulation, indi-
cating the accuracy of the EM simulation of the passive
elements and the quad ring structure. The performance at
other IF, from 1.0 to 3.0 GHz, is shown in Fig. 12 and
shows the very broadband performance of the mixer core.

V . M I X E R S I M U L A T I O N A N D
M E A S U R E M E N T R E S U L T S

The mixer MMIC has been measured using a 4-port PNA-X
network analyzer, in order to measure both the IF-I and
IF-Q output. The total conversion gain and image rejection
have been calculated from I and Q data as if an ideal IF
hybrid has been included. Measurements have been per-
formed at two different bias settings: the default bias for the
mixing FETs and IF balun and a maximum conversion gain
bias. Power dissipation in the case of the default bias is
about 170 mW for the IF balun. For the maximum gain bias
the power dissipation increases to 330 mW. In both cases,

Fig. 8. Architecture of the double-balanced image-reject mixer.

Fig. 7. Photograph of the active IF balun.

Fig. 9. Photograph of the GaN mixer MMIC (4.1 × 2.0 mm2).
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the additional power dissipation for the LO amplifier is
200 mW.

Figure 13 shows the measured and simulated conversion
gain at 0 dBm LO power for 1.0 and 2.0 GHz IF at the
default bias. Apart from 3 dB additional loss, the measured

performance corresponds well with the simulations. Since
this additional loss is not seen in the mixer core test structure
it is expected that it is caused in the IF part of the circuit.

Figure 14 shows the measured conversion gain over a wider
IF range, from 0.5 to 3.0 GHz IF, at the maximum gain bias

Fig. 10. Photograph of the GaN mixer core test structure (2.0 × 1.0 mm2).

Fig. 11. Measured and simulated conversion gain at 15 dBm LO power at
1.5 GHz IF.

Fig. 13. Measured and simulated conversion gain at 0 dBm LO power for 1.0–
2.0 GHz IF.

Fig. 14. Measured conversion gain at 0 dBm LO power for 0.5–3.0 GHz IF at
maximum gain bias setting.Fig. 12. Measured conversion gain at 15 dBm LO power for various IF.
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setting. The best performance is obtained between 0.5 and
1.0 GHz IF, with a conversion loss of ,8 dB from 6 to
12 GHz RF. At higher IF and low RF the bandwidth of the
LO amplifier is limiting the performance. This has been con-
firmed by measurement of the conversion gain, while bypass-
ing the LO amplifier, as shown in Fig. 15.

Figure 16 shows the measured RF input-power compres-
sion behavior. The power levels of I and Q IF outputs have
been measured separately and are plotted together in this
figure. Multiple power sweep measurements have been

performed up to increasing input-power levels (10, 20, and
35 dBm) without any change in the measured small-signal
performance and without any damage to the circuit. At
5 dBm LO power the input 1 dB compression point is
12 dBm. At 0 dBm LO power this level reduces to 7 dBm.

Figure 17 shows the calculated image-rejection response
from the measured I and Q data, compared with the simula-
tion, for 0 dBm LO power and 1.0 and 2.0 GHz IF. The mea-
sured image rejection in the X-band is better than 25 dB and
shows good agreement with the simulation.

Spectrum measurements at a single IF output, before a 908
IF hybrid, have shown that the LO and RF suppression are
respectively 270 and 255 dBc, at 10 dBm LO power and
18 dBm RF power. Measured LO to RF isolation is better
than 20 dB in X-band, at 0 dBm LO power so including the
on-chip gain of the LO amplifier. Without the on-chip LO
amplifier this isolation increases to about 40 dB. Finally, the
measured noise figure is ,13 dB in X-band.

V I . D I S C U S S I O N A N D C O N C L U S I O N

In this work, the first GaN integrated double-balanced
image-reject mixer has been demonstrated. The design uses
an integrated LO amplifier, compact baluns and hybrid and
an active IF balun and has demonstrated good performance
over a wide frequency range.

The measured conversion loss is ,8 dB from 6 to 12 GHz
RF, at 1 GHz IF, with better than 25 dB image rejection. Due

Fig. 15. Measured conversion gain, without LO amplifier, at 15 dBm LO
power for 0.5–3.0 GHz IF at maximum gain bias setting. Fig. 17. Measured and simulated image-rejection ratio at 0 dBm LO power for

1.0–2.0 GHz IF.

Fig. 16. Measured conversion gain, with LO amplifier, at 5 dBm LO power for
the I and Q output separately (9 GHz LO and 10 GHz RF).

Table 1. Comparison between this work and comparable MMIC mixer designs.

Ref. Tech. Topology RF (GHz) IF (GHz) CL (dB) LO power (dBm) Pin1 dB (dBm) IIP3 (dBm) IRR (dB)

[1] GaN Single cold-FET 12.4 2.4 18 20 No
[2] GaN Single cold-FET 8–14 0–2.0 8 15 10 23 No
[3] GaN Two cold-FETs 14 1.0 9 10 11 20
[4] GaN Cold-FET ring 6–18 1.4–2.4 12 23 12 No
[5] GaAs Image reject diode-ring 8.5–11.5 0–3.5 8 15 14 23 30
[6] GaAs Diode-ring 11–40 0–2.5 12 13 12 No
[7] SiGe HBT diode-ring 7–12 0.1 13 15 12 No
[8] SiC Diode-ring 3.3 0.3 12 24 23 38 No
This work GaN Image reject, cold-FET ring 6–12 0.5–2.0 8 1520 712 25
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to the on-chip LO amplifier, the required LO power level is
only 0 dBm. Because of the extensive use of 2D EM simula-
tions the measured performance shows good agreement
with the simulations, expect for 2–3 dB less gain in the
active IF balun.

Table 1 shows a comparison of the performance of the
designed mixer, without using the on-chip LO amplifier,
with other published mixer MMICs in X-band and one
design in S-band. Concerning linearity GaN cold-FET
mixers do not show an improvement over diode-based
mixers in GaAs or even SiGe technology. The best result for
linearity is obtained using a SiC diode mixer, with high LO
drive power.

The performance of the GaN mixer core is comparable to
what can be achieved in GaAs technology that is optimized
for mixer performance. This design experiment has however
shown the feasibility of future integrated GaN-based
front-end chips, such as a monolithically integrated robust
LNA with down-converter, up-converter with HPA and T/R
switch, or the combination of these two, using the mixer for
both up- and down-conversions. In case the additional cost
of the GaN chip area is a major concern, the passive parts
(i.e., baluns and hybrids) could be integrated on GaAs-based
or other low-loss, low-cost passive technologies.
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