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A 30-GHz Monolithic Single Balanced Mixer
with Integrated Dipole Receiving Element
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.&tract —This paper will describe a 30-GHz monolithic low-noise

balanced mixer which has been developed using an integrated bow-tie

antenna to waveguide transition and low parasitic Mott diodes. The &lodes

and mixer circuit were developed using MBE material and were fabricated

using a plated airbridge technology. Measurements on the diode at dc and

RF showed that the zero bias junction capacitance was 0.025 pF and the

series resistance was 10 Q. A mixer conversion loss of 6 dB was measured

at 30 GHz with an IF of 1 GHz.

I. INTRODUCTION

T HIS PAPER will describe the design and performance

of a monolithic 30-GHz mixer and antenna to wave-

guide transition on GaAs. The mixer was intended for use

in EHF phased-array modules for space applications, and

a variety of designs were considered bearing in mind the

requirement for high performance and low cost. Although

the original requirement was for a communication link at

30 GHz, it was decided at the outset to select an approach

that could be easily scaled to higher frequencies, such as

44, 60, and 94 GHz, without any significant compromise in

RF performance. In recent years; there have been a num-

ber of publications describing monolithic single balanced

mixers [1]–[3]. Previous experience at higher frequencies

had shown that it was difficult to make a satisfactory

transition to an MMIC with repeatable performance both

for microstrip and coplanar transmission lines. It was,

therefore, decided to investigate an approach where the

transition was incorporated onto the chip in the form of a

receiving element or antenna which could act as a free-space

receiving element or as part of a transition to a rectangular

waveguide. A second consideration was that the transmis-

sion lines be readily compatible with the coplanar realiza-

tion of the diodes. Studies were made of different forms of

transmission lines including microstrip, coplanar wave-

guide, and coplanar strips, and a comparison was made

between them in terms of impedance range, normalized

guide wavelength, and conductor and dielectric losses. Fig.’

1 is a comparison between microstrip and coplanar trans-

mission lines and shows conductor loss at 30 GHz as a

function of characteristic impedance for a 4-roil-thick GaAs
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Fig. 1. A comparison between losses in microstrip and coplanar wave-
guide.

substrate [4]. The impedance of microstrip line is a func-

tio~ of the width W to height H ratio, and since the height

of the substrate is fixed, the loss versus impedance char-

acteristic is represented by one curve. However, for a fixed

substrate thickness, the impedance of coplanar line is a

function of width W to spacing S ratio. Since this ratio can

be achieved by a range of different widths and spacings,

the loss versus impedance characteristic is represented by

an area. In general, it was found that from an electrical

standpoint the most significant difference between differ-

ent transmission-line designs was in the impedance ranges

which could be realized with acceptable loss. It was found

that the edge-coupled lines such as coplanar waveguide and

coplanar strips had practical impedance ranges that were

about twice those for broadside-coupled lines, such as

microstrip, for given values of loss. In view of the coplanar

format of the diode and the coplanar receiving elements,

which showed promise, the main part of the mixer circuit

was designed using coplanar transmission lines.

H. MIXER CIRCUIT DESIGN

A planar circuit for the mixer and antenna was designed

and this is shown in Fig. 2. Apart from a ground plane for
the microstrip elements, all the metallization for critical

conductor geometries and the devices was on one side of

the substrate. A balanced dipole bow-tie antenna was

selected feeding a 1OO-!J balanced coplanar strip transmis-
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Fig. 2. A

sion line

30-GHz monolithic planar single balanced mixer incorporat-
ing a bow-tie antenna/WG transition element.

and the mixer design was assessed with abow-tie

as a free-space receiving element and as a transition to

waveguide as shown in Fig. 3. This transition will be

described later.

The two most important factors in a mixer design are 1)

the nonlinear element and 2) the embedding structure or

circuit surrounding the device. The two are interdependent

and, therefore, it is usual to specify one and design the

other around it. A device was designed which had optimum

characteristics for operation in the 1OO-!J coplanar strip

transmission line at 30 GHz. The two most important

parameters in the device are 1) the zero-bias junction

capacitance and 2) the series resistance. The tradeoffs

between the two were established from previous work [5]

and a junction capacitance of 0.025 pF determined.

A plot is given in Fig. 4 showing the change in conver-

sion loss as the device series resistance is varied from

O–12-Q. It has been shown [5] that the most significant

proportions of power are generally lost at the sum and

image frequencies. Three curves are given which show the

conversion loss for the basic mixer circuit together with the

improvement as energy is recovered from the sum and

image frequencies. These results do not include losses in

the input feed line or IF filter circuits and are based on the

high LO drive condition where negligible power is dis-

sipated in the junction.

A Mott diode [6], [7] was chosen for the nonlinear
device. The Mott diode is a form of Schottky diode in

which the active layer is made very thin so that it remains

virtually fully depleted over a wide range of junction

voltages yielding a very flat capacitance voltage character-

istic, This feature is important because it enables good

conversion loss and noise figure to be obtained at lower

LO powers than with the standard Schottky diode. The

reason for this will now be explained.
In a given mixer, minimum conversion loss is obtained

with a particular value of LO duty ratio (commonly re-

ferred to as pulse duty ratio for a bilinear diode and

defined as the ratio of low impedance or “on” state to high

8
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Fig. 4. Conversion loss and noise figure versus diode series resistance.

impedance or “off” state of the diode). The pulse duty

ratio S is given approximately by the equation [5]:

where

VT

v dc

vLO

;.

R.

?

4
n

k

T

In a

1

()

VT – v~c
~ = —coS–l

v v~o
(1)

(2)

(3)

effective turn-on voltage of the diode (V),

dc bias voltage (V),

magnitude of local oscillator fundamental appear-

ing across diode junction (V),

exponential factor (V- l),

reverse leakage current (A),

signal source resistance (Q),

diode series resistance (Q),

an empirical factor, typically 0.45, which is weakly

dependent on the mixer embedding structure,

charge on an electron= 1.6x 10-19 (coulombs),

diode ideality factor,

Boltzmann’s constant= 1.38x10-23 (J/K),

temperature (K).

practical mixer, a particular value of pulse duty

ratio is achieved by a combination of dc bias and LO

power as given by (l). As the LO power is decreased, it is

necessary to apply increasingly more positive dc bias to
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maintain the correct operating point to achieve the opti-

mumpulse duty ratio forminimum conversion loss. In the

conventional Schottky diode, a significant increase’ in

capacitance occurs when forward bias is applied which is

much greater than with the Mott as shown in Fig. 15. This

causes a significant shunting on the magnitude of the

signal voltage appearing across the junction — an effect

which increases as the dc operating point becomes more,

positive. Since the frequency conversion process occurs

primarily in the nonlinear resistance of the junction, any

shunting effect from the capacitance degrades the conver-

sion loss. This problem is significantly overcome in the

Mott diode @e to the flat capacitance voltage characteris-,,
tic.

The second effect of the nonlinear capacitance is on the

noise figure. The nonlinear capacitance causes parametric

amplification of the no;se voltages of all mixed products

appearing across, the diode junction. This effect caused an

increase in the noise temperature of the device and, hence,

the overall mixer noise figure.

The mixer circuit described’ in this paper is of single

balanced design where the signal and LO are mutually

isolated due to the circuit geometry and not due to the use

of filters. The signal is fed to the diodes via a balanced line

in coplanar strips [8]. The mixer proper is formed at the

junction between the coplanar line (~th reduced width

ground planes) and the coplanar strips. The diodes are

mounted at this junction, which operates in a similar

manner to the coplamq slotline junction commonly. used in

hybrid circuits. The slots formed either side of the coplanar

line are made to be an integer number of wavelengths long

at the signal frequency in order to provide an open-circuit

plane at the diodes (A/2 in this case). A transition between

the microstrip line tid ‘the coplanar line is achieved by

grounding the finite ground plane of the coplanar lines

with quarter-wavelength stubs in rnicrostrip. In addition to

overcoming the requirement for via holes, this type of

transition is important because it allows a dc voltage to be

developed across the diodes. The dc bias is supplied via

low-pass hi-lo filters realized in microstrip. The LO is

connected to the coplanar line via a transition where the

top conductor is common and the finite-width ground

planes are ground ed to the underneath grou~d plane using

quarter-wavelength microstrip stubs mounted at the transi-

tion point. A high-pass quarter-wavelength coupled line

filter provides dc isolation between the diodes and the LO

and also prevents the LO from loading the IF signals

emerging from the mixer. A simple line and stub filter is

used to extract the IF and provides more than 30 dB of LO

isolation.

The microstrip lines on the 4-roil GaAs were interfaced

to the APC 3.5-mm LO and IF ports via a 10-mil alumina
substrate. The dimensions of a specially designed micro-

strip launcher and GaAs/alumina substrat~ spacing were

chosen to minimize reflections [9].

The bow-tie was investigated as both a receiving element

and as a transition to waveguide by making measurements

on’3 to 1 scale models at 10 GHz.

1605

The monolithic single balanced mixer was fabricated

using MBE material. The layer structure consisted of a

3-~m-thick n + layer doped at 2 x 1018 cm- 3 followed by an

0.2-~ m-thick layer doped at 5 x1016 cm-3 grown on un-

doped LEC substrates. The process sequence is as follows.

The cathode contact was formed by etching down to the

n+ layer and defining the ohmic contact metal by a liftoff

technique. After alloying the AuGeNi ccmtact, the devices

were isolated by etching 4-pm-deep mesas. Next, contact

areas were defined on The top and at the bottom of ‘the

mesa to form the cathode contact pad. At the same time,

the anode contact was defined on top of the mesa along

with a contact pad on the semi-insulating substrate. The

Schottky barrier was defined by sputtering TiW and Au.
The Schottky metal formed the base metal layer for the

following plating step which defined the airbridge between

the Schottky barrier and the pad. Next, the circuit metalli-

zation was defined by a conventional plating process. The

final step in fabrication was polishing the wafer down to a

thickness of 4 mil and completing the backside metalliza-
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Fig. 6. 1O-GHZ bow-tie antenna fixture.

tion process, again by a plating technique. This metal

provided the ground plane for the microstrip areas and did

not exist under the coplanar lines feeding the antenna.

Fig. 5(a) and (b) are SEM micrographs of a typical Mott

diode and illustrate the three most notable features of the

technology employed.

1) The airbridge interconnect between the active anode

and the contact pad at the mesa bottom minimizes the

parasitic capacitance commonly observed when a conven-

tional dielectric assisted crossover is used to run the anode

finger over the mesa edge (Fig. 5(a)).

2) The thick mushroom-shaped anode finger which is

naturally gene:ated by the plating technique employed

allows one to have a small active footprint (1 pm) with a

thick feed line (see Fig. 5(b)). This enables one to have a

small capacitance coupled with a low metal resistance

which is necessary for low loss,

3) A more subtle advantage of the airbridged diode

process is that it does not depend on the critical lipped

resist profile which is necessary for liftoff. Hence, to a first

order, the technology developed is independent of the mesa

height employed, which is untrue for a liftoff process.

IV. MEASURED RESULTS

A. Bow-Tie as a Receiving Element

The bow-tie receiving element was required to match to

the 1OO-!J coplanar strips section of the mixer. Based on a

model for a biconical dipole [10] and some previous experi-

mental work conducted at General Electric, an angle of

40° was selected for the small angle of the bow-tie. The

length of the antenna was selected as 1.3 times a half-wave-

length in free space at the center frequency of 30 GHz.

A 3 to 1 scale model of this antenna without the mixer

was built on 12-mil alumina for ease of testing and fabrica-

tion. A detector diode was placed across the balanced

transmission line to eliminate the need for a balun, as

shown in Fig. 6. A low-pass filter section enabled a dc

signal proportional to the received RF signal to be ex-

(b)

Fig. 7. (a) E-plane and (b) H-plane patterns of bow-tie antenna at 10
GHz.

tracted directly. Measured E-plane and H-plane patterns

of the scaled bow-tie are shown in Fig. 7. The null at 90° in

the II-plane patttern is due to blockage from the output

connector.

The antenna was investigated for use in a phased-array

that requires a unidirectional pattern; therefore, a ground

plane was placed on the back side of the antenna spaced

such that the reflected energy added in phase with the

“front lobe.” E-plane and H-plane patterns of this config-

uration are shown in Fig. 8.

The 30-GHz version of this bow-tie was built on 4-roil

alumina, and the H-plane pattern of this antenna with the

reflecting ground plane is shown in Fig. 9.

The E-plane and H-plane patterns measured at 10 and

30 GHz were virtually identical, and a plot of relative gain

versus frequency is shown in Fig. 10. The figure shows only

the relative gain which was determined from the detector

output. Calculations from the antenna patterns indicated

the maximum gain to be 5 dB. This figure shows a 3-dB

bandwidth of 25 percent which is considerably wider than

that of other planar receiving elements such as the micro-

strip patch.

B. Bow-Tie as a Waueguide Transition

Following work on the bow-tie as a free-space receiving

element, the structure was examined as a transition to and

from rectangular waveguide. This element had the ad-

vantage that it was dc isolated from the waveguide which

enabled a dc voltage to be developed across the feed point

and that the substrate was mounted broadside across the

waveguide enabling a very compact transition to be real-
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Fig. 9. H-plane pattern of bow-tie antenna with ground plane at 30
GHz.

,- X-—__
-.

,,.. --— — . ..’- .
-.

,,..”, -., . .

/
.- ..,,. -.

5 - “. =.

, ./”
,, ,.

s
.,, .,

,/
‘, ‘-s

z
,4’ REFLECTING PLANE 5mm AWAY .,,

?
FROM UNDERSIDE

,/: ‘
o /

‘:E_l
8 9 10 11 - 12 13

FREOUENCY (GHz)
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ized. This transition is essentially a balanced form of an

E-plane probe transition to a TEM or quasi-TEM line

,where a dipole forms the transition to the balanced line.

The transition from waveguide is shown in Fig. 3. A

standard rectangular waveguide input was stepped to dou-

ble height a quarter guide wavelength from the plane of the

bow-tie, a septum being included to suppress higher order
waveguidc modes. ‘A variable backshort and capacitive

tuning screws enabled the match to the transition to be

optimized. The design was investigated and optimized using

a 1O-GHZ scale model shown in Fig. 11. The antenna

transition was intended to match into a 100-S? balanced

line; therefore, a series of bow-tie elements of different

Fig. 11. 1O-GHZ WG to balanced line test fixture.
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Fig. 12. Return loss of bow-tie waveguide to coplanar balanced line
transition.

lengths were made on 12-mil alumina substrate using 1OO-Q

chip resistors mounted at the center feed point of the

elements. The position of the backshort and tuning screws

were optimized to give 20-dB return loss over the widest

bandwidth centered at 10 GHz. Fig. 12 shows three typical

results where it can be seen that the bandwidth is 6.5

percent. The sharp skirt at the higher end of the passband

makes this kind of transition suitable for use in an image

rejection or recovery mixer circuit. Following these nwa-

surements, the 30-GHz transition was developed by scaling

the dimensions.

C. DC and RF Test Results of Diode and Mi.~er

Both cfc and RF wafer probing of discrete Mott di(wfes

was performed on approximately 50 devices. DC n~easure-

ments indicated the diodes had a reverse breakdoivn of

about —7 V, and by accurately measuring the J”- 1 char-

acteristic, the series resistance was determined to be 10 f?

and the ideality factor about 1.08.
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An RF probe station [11] was used to make small-signal

one-port S-parameter measurements for shunt-mounted

diodes over the frequency range 2-18 GHz.

Fig. 13 shows Smith Chart plots of Sll as the forward

bias was increased from O V to 1.08 V, where the current

was 20 mA. The response before the diode starts conduct-

ing indicates a small capacitance. As the bias voltage is

increased, the resistance becomes more and more dominant

and the response is seen to move across the Smith Chart

towards a short circui~. When the current through the

diode was 20 mA, the plot shows a series resistance of

about 10 Q.

A simple equivalent circuit for the diode was calculated

from the one-port S-parameters for different bias condi-

tions, and a zero-bias equNalent circuit is shown in Fig. 14.

The element values in the circuit were obtained by com-

Fig, 17. Complete EHF mixer,

puter optimization of the measured versus modeled S-

parameters. The starting values for L,,, C,, and CP were

obtained from the physical geometry of the device and

processing parameters, and the series resistance R,, was

calculated from dc measurements.

The zero-bias cutoff frequency of the diodes was de-

termined to be 640 GHz. Fig. 15 shows the variation of
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Fig. 18. Conversion loss and noise figure versus LO power of 30-GHz
monolithic single balanced mixer.

junction capacitance as a function of junction voltage for

both the actual Mott diode and a theoretical Schottky. The

Mott diode clearly shows flatter capacitance variation with

voltage, being approximately 0.025 pF from – 6 V to +0.5

v.
Fig. 16 shows the two portions of the waveguide fixture

sketched in Fig. 3. The GaAs substrate was mounted on

alumina for mechanical strength using a nonconducting

cyanoacrylate cement. The complete circuit was mounted

in the fixture as shown in Fig. 17.

Measurements were made of conversion loss, and noise

figure as a function of LO power with a 30-GHz LO and a

31-GHz signal producing a 1-GHz IF. These are shown in

Fig. 18. The variable backshort and inductive tuning screws

were adjusted for minimum conversion loss and the dc bias

voltage was optimized for each LO setting. A single-side-

band conversion loss and noise figure of 6 dB (including

fixture losses) was measured with 10 dBm (10 mW) of LO

power. This increased by approximately 1 dB when the LO

power was decreased to O dBm (1 mW).

V. CONCLUSION

A 30-GHz monolithic low-noise mixer has been de-

scribed using an integrated bow-tie antenna to waveguide

transition and low parasitic Mott diodes. Although the

design requires further development to reduce the size and

improve the passive circuits, initial measured results for the

first design are encouraging. This design incorporates tun-

ing elements in the waveguide mount and can be made

compact as the circuit is mounted broadside across the

waveguide.
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