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A New Third-Order Harmonic Mixer Design for Microwave Airborne Radar
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ABSTRACT

In this paper, a third-order harmonic mixer is designed using frequency multiplier theory for the microwave airborne
radar. Unlike the basic mixer design method, the gate bias voltage, at which the third-harmonic component of the
Local frequency (LO) is the maximum, is selected using a frequency multiplier theory to maximize the third~-harmonic
mixing component at the intermediate frequency (IF). The proposed harmonic mixer was designed and manufactured
using a commercial GaAs MESFET device in a plastic package, and it was possible to improve the high conversion
loss, circuit complexity, high cost, and manufacturing complexity of the existing microwave mixer. The harmonic mixer
using the proposed design method has a -8 ~ -10 dB conversion loss by pumping 11.5 GHz LO with a +5 dBm level
when operating from 33.0 GHz to 36.0 GHz and the 1-dB gain compression point (P1dB) of 0 dBm.
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| . Introduction that use the microwave and millimeter wave bands.

The design parameters, such as low cost, high

Over the last ten years, there has been an  performance and reproducibility, are important
unprecedented growth in the number of systems  considerations to design in microwave and
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The SHP

using an

millimeter ~ wave  systems  [1].

(Sub-Harmonically Pumped) mixer,
anti-parallel diode, has been used in the microwave
and millimeter bands because of the advantage of
low LO frequency, low spurious response, and noise
suppression. But many sub-harmonic mixers, with
an anti-parallel diode, were used and bonded to the
circuit using silver epoxy [2] or were fabricated
using a MMIC realization [3] resulting in higher
cost and less reproducibility. Compared with
conventional mixers, with an anti-parallel diode,
SHP mixers using a active device which have
their  diode

counterparts have been developed, where two active

similar SHP mixer properties as

devices are pumped in anti-phase at half of the LO
frequency. The active SHP mixers, with anti—phase
LO input [4], have a disadvantage of larger size,
higher cost, and less reproducibility in their MMIC
and Hybrid realization.

In this paper, a Ka-band harmonic mixer, with a
plastic packaged active device, is proposed to
overcome these disadvantages of previous reported
harmonic mixers. This harmonic mixer design is
based on the multiplier theory that there is a bias
point to maximize a specific harmonic order with
respect to a fundamental LO frequency. This can
get the high-order mixing element (f,+3f;,) to
be greater than other mixing elements, pumping a
RF frequency (frr) and LO frequency (fio), because
of the bias voltage for the maximum third-order
harmonic element (3fio). The proposed harmonic
described in this paper
advantages over that of conventional SHP mixers

mixer offers several
or high-order harmonic mixers. Similar to using a
commercial GaAs MESFET, it gives economical
cost and good efficiency of production. In addition,
the proposed mixer has an additional advantage of
small size because it does not use an additional
phase shift circuit. The paper is organized as
follows. SectionIl covers the design procedure of
The fabrication and

the harmonic  mixer.
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performance of the proposed mixer and conclusion
are discussed in section I and IV.

[1. Design Method of Harmonic Mixer

2.1 Bias selection based on multiplier theory
The major nonlinearity in the FET causing
harmonic generation are the drain clipping, which is
the most impressive effect on the harmonic
generation as compared with to others’ nonlinear
elements [5]. An even harmonic occurs when the
output current or output voltage waveform is
distorted asymmetrically. On the other hand, an odd
harmonic occurs when the output waveform is
distorted symmetrically to positive peak. Those
effects are controlled by bias or drain termination.
The gate bias and gate input signal are selected to
maximize the output level of the desired harmonic
element by an approximation relating the harmonic
drain current to the FET conduction angle. The
harmonic drain current (Z;,) can be represented as

a Fourier series expansion as a function of

conduction angle and can be written as Equation

(D [6l.

460 cosnf

I =1 . —————7 n=1 1
2 1—(277,09/7'()2
20
[d(: ~ [maxT
s
Where I 1is the drain current for the harmonic

n

th

n" is the average of the drain current I, is the

maximum drain current, and 260 is the conduction

ax

angle. From Equation (1), Fig. 1 shows harmonic
output current as a function of conduction angle.
Conduction angle 26 should be chosen to give high
in order to maximize the desired harmonic output
The
approximately

optimum  conduction angle is
20=0.23 for the

third-order harmonic form Fig.1.

power.
maximum



42§ ol 33 mzat 94 AAY o A7

025 /”\
n=: \

Harmonic Drain Current (In/Imax)

o 005 0.1 0.15 02 025 03 035 0.4 0.45 05

Conduction Angle (20/2m)

Fig. 1 Normalized harmonic current as a function of
the conduction angle.

Biasing A-class and overdriving the FET is
proper to generate at the output a signal waveform
rich with the desired third harmonic as there is a
clipping due to pinch-off on the negative swing
and due to gate conduction on the positive swing
[7]. Fig. 2 shows the output power level of a
fundamental (fLo), second harmonic (2fio) and third
harmonic  (3fro) element of a local signal by
adjusting gate bias voltage (Vgs) for the applied LO
signal. From Fig.2, there is a specific gate bias

voltage where the third harmonic is the maximum.
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Fig. 2 Output harmonic generation as the gate bias

2.2 Stability design
The feedback of a fundamental
harmonics at the drain can result in an unstable

element and

circuit [8]. The sufficient elimination of unwanted
harmonics and the proper stabilization of the circuit,
even if some of the conversion gain must be

sacrificed, can be adjusted to ensure stability. Fig.
3(a) shows the circuit for stable operation with the
gate bias in maximizing the third harmonic
frequency as in the previous step. The gate bias
network (TL1/TL2/Rg) typically includes a high
impedance quarter wave length line at the
fundamental LO frequency (fio). This is so that no
fundamental power leaks into the DC bias and acts
as a short-circuit at the second harmonic LO
frequency (2fio) as it becomes half wave length at
the second harmonic (2fip). The open stub (TL5)
at the gate acts as a short-circuit at the third
harmonic LO frequency (3fio) fed from the drain
port. The drain circuit (TL3/TLA4/Rp) also provides
sufficient rejection of harmonics, and provides
short-circuit terminations to harmonics at the drain
to ensure stability. The open stub (TL6) at the
drain acts as a short-circuit at the fundamental
harmonic LO frequency. Fig. 3(b) show the circuit
stability factor is greater than one over the full
frequency band
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Fig. 3 (a) Circuit (b) Stability factor with respect to
frequency.
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2.3 signal injection port selection for mixer

Single active mixers are generally categorized
into one of three topologies; gate, drain, and
source mixers. In the case of the gate mixer, both
LO and RF signals are applied to the gate while
the IF is extracted from the drain terminal. The
FET is biased near pinch-off so that the applied
LO signal can modulate the transconductance of the
FET over a highly nonlinear operating regime. For
the drain mixer, the LO and RF signals are applied
to the drain and gate, respectively, while the IF
signal is extracted from the drain. This mixer
operates with the FET drain-source voltage near
the knee region. In a source FET mixer, the LO
and RF signals are fed into source and gate
respectively while the IF signal is extracted from
the drain. This topology allows a modest degree of
LO-to-RF isolation. Since the source FET mixer
does not require a coupler or combiner, it is a
structure other mixer

simple compared  with

topologies. However, this configuration requires
careful bypassing technique in the source for the IF
frequency in order to suppress instability. The LO
(fio) and the RF (fgrp) are inputted to the gate and
the IF (fir) is outputted to the drain as a gate
mixer structure, which has higher conversion gain
then other mixer topologies such as drain mixer
and source mixer. Fig. 4(a) shows the conversion
from the designed circuit based on multiplier theory
to mixer circuit. The gate bias voltage is selected
to maximize the third harmonic signal (3fio) by the

previous section.
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Fig. 4 The concept of converting from multiplier to
mixer circuit.

Fig. 5 shows the structure of the harmonic
mixer, The LO and RF to input gate after each
matching, and IF is to the drain after the low pass
filter. The gate bias voltage of the proposed mixer
is selected on multiplier theory to maximize the
third harmonic LO signal (3fio). The LO matching
circuit is designed by a large signal scattering
parameter as a large signal LO is applied. The
matching circuit of the RF and IF ports is designed
as quasi-linear because the RF and IF ports of
impedance are affected by LO signal level [9].
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Fig. 5 The proposed harmonic mixer configuration.

The gate bias voltage of the harmonic mixer is
selected to make the mixing component between
the applied RF signal (33.5GHz) and third harmonic
signal (345GHz) of the pumped fundamental LO
signal (11.5GHz) to be maximum, which let the
conversion loss be minimum at the IF (1.0 GHz).
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Fig. 6 shows the conversion loss characteristic of
the harmonic mixer as a function of gate bias
voltage. The conversion loss of the third (n=3)
-10dB when the gate bias
-05V  for maximum third

On the other hand, the
conversion loss of the fundamental (n=1) harmonic
-42dB by the fundamental
LO signal and the conversion loss of the second

harmonic mixer is
(Vgs) is
harmonic  generation.

voltage

mixing component is

(n=2) harmonic mixing component is -55dB by the
second LO signal.
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Fig. 6 The conversion loss of the third-order harmonic
mixing and fundamental , second harmonic mixing.

[ll. Experiment and Analysis

The mixer is fabricated on a Teflon substrate,
which has dielectric constant 2.17, 0.5mm substrate
height and 18um conductor thickness. Fig. 7 shows
the fabricated harmonic mixer. For analysis, the
low pass filter and gate bias circuit are designed

by Momentum Analysis. Design and optimization
Agilent

are performed by using the ADS

(Advanced Design System) tool.

) ¥
Short@ 3f,, Lo port g::‘::irf

Fig. 7 Photograph of fabricated harmonic mixer

Fig. 8 the measurement results of

conversion loss performance at the IF as a function

shows

of gate bias voltage when the fundamental LO
signal is +bdBm. Conversion loss is approximately
-05V. As seen
from the result, the conversion loss is rapidly

-10dB when the gate voltage is

decreased at other bias points except the gate bias
which makes the third harmonic LO
maximum.

voltage,
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Fig. 8 The variation of the conversion loss with
respect to gate bias voltage

Fig. 9 shows the conversion loss as a function
of the LO level when the gate bias voltage is
-0.5V. The conversion loss is about -10dB when
LO level is from +5 dBm to +10 dBm.
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Fig. 9 The conversion loss performance with respect
to LO power

The output spectrum is approximately —52.5 dBm
when the gate bias voltage is -05V with the
fundamental LO level +5 dBm and RF level -40
dBm, as seen in the Fig. 10.
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Fig. 10 IF output spectrum of the harmonic mixer.

Fig. 11 shows conversion loss performance as a
function of RF frequency. The conversion loss is
-8~-10 dB when operating from 33.0 GHz to 36.0
GHz, which is lower than other published harmonic
mixers at the Ka-band.

-8.00 \
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0.00
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RF frequency (GHz)

Fig. 11 The conversion loss with respect to RF
frequency.

Fig. 12 shows the linearity performance of the
harmonic mixer when changing the RF signal level
(335 GHz). As seen from Fig. 12, the 1-dB gain
compression point (P1dB) is approximately 0 dBm.
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Fig. 12 1-dB compression performance.
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Fig. 13 shows the isolation performance at the
each port with the same environment for measuring
the output spectrum. It is shown that the LO-RF
than the RF-IF
isolation, and the LO-IF isolation performance as

isolation performance, worse
known a single gate mixer disadvantage. Table.l
summarizes the performance of the third harmonic
mixer with other referenced papers.
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20 [/
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A

LO-IF Isolation

RF frequency [GHz]

Fig. 13 Isolation performance.

Table 1. Performance comparisons

Ref RF Device | Order Loss Tech.
(GHz) (dB)

this | 33~36 FET 3 8 ~10 | Sodering

(4] 34~40 | PHEMT 2 95 MMIC

[10] | 38~38.16 | PHEMT 2 15 MMIC

IV. Conclusion

In this paper, a new design method based on a
frequency multiplier is proposed for a harmonic
mixer. The harmonic mixer that has 8B ~ 10dB
conversion loss by selecting the gate bias voltage
which let the third harmonic component of the
fundamental LO signal to be maximum is designed
and fabricated. As compared with the other papers,
the proposed design method for harmonic mixer has
many advantages, not only in electrical performance
such as low conversion loss, but also in cost and
circuit complexity by using a commercial GaAs
MESFET with a plastic package.
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