-
e
op
o0
(e
-
<
=
<<

Final Report

MU /' March 1975
A/ : .

K-BAND IMAGE-REJECT AND Ka-BAND
BALANCED MIXERS CONSTRUCTED USING
PLANAR MILLIMETER-WAVE TECHNIQUES

By: A. K. GORWARA U H. GYSEL D. R. CHAMBERS

Prepared for:

NAVAL ELECTRONICS LABORATORY CENTER
271 CATALINA BOULEVARD
SAN DIEGO, CALIFORNIA 92151

CONTRACT NO00123-74-C-1957

T F~.'{);I—<\ N &

- v for poblic 1olense
APPIave Unliroied
\.',.. -\,\!»‘Il'dn- e e

=T RTEMENT A

STANFORD RESEARCH INSTITUTE
Menio Park, California 94025 - U.S.A.

'
Copy Noft.l ..........




Z @
Do

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE  LEGIBLY.



SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE BEFORE COMELETING FORM

1 REPORT NUMBER 2 GOVT ACCESSION NO 3 RECIPIENT'S CATALOG NUMBER

L

( ] 4 TITLE (and Subtitle) e =W r————————— — 5/'77\/_9_&»9_; BEPQRT & PERIOD COVERED
f 7

/ K-BAND IMAGE-REJECT AND Ka-BAND BALANCED MIXERS / Final Repert.
1\ CONSTRUCTED USING PLANAR MILLIMETER-WAVE TECHNIQUES, [ 13 May ¥®74~Chrough
o e 30 Marchwd®975

4)

-
\

(

—

e -

e ——— 6. PERFORMING ORG:T REPORT NUMBER
¥ 3 AUTHORL = SRI Project 3414
1 E | 8 CONTRACT OR GRANT NUMBER(s)
) / Ashok K. "Gorwaru} {' " )
- s ] =
Ulrich H./Gysel | \ /O R o,
\ 5 A NOP123-74-C-1957 437671
| Donald R./ Chambers e ff e 2}
9 3€E?B“‘nﬂ!H5HGATﬂZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT. TASK
AREA & WORK UNIT NUMBERS
Stanford Research Institute L ;);;7 /7 7 ) ‘/
Menlo Park, California 94025
2. BEPQRI-DATE. 13. NO. OF PAGES
11. CONTROLLING OFFICE NAME AND ADDRESS v/ .
! : 1) K Mar emsm®75 | 128
Naval Electronics Laboratory Center ‘ :

- . . = N 15. SECURITY CLASS. (of this report)
271 Catalina Boulevard

San Diego, California 92151

14. MONITORING AGENCY NAME & ADDRESS (if diff. from Controlling Office) Unclassified
15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE
16. DISTRIBUTION STATEMENT (of this report) G -~
2 ' o
"‘"'D’- E (e .
15558 § ot \
Ap

‘A.Q}}’ \ '\
e

v A
L

>

18. SUPPLEMENTARY NOTES

e
17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from report) “&q /((.Q\
\! 3 N\
AN\ fl\v
e
W~ | 4
g

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Mixers Couplers and filters Balanced mixers
Downconverter Diode detectors Single balanced mixer
Millimeter-wave techniques Detectors Receiver front ends
Planar-circuit techniques Image-reject mixer

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

An image-reject mixer for K-band (18.0 to 26.5 GHz) and a balanced mixer
for Ka-band (26.5 to 40.0 GHz) have been developed using planar microwave
integrated-circuit techniques. These mixers have low-noise performance over
the entire waveguide bands and successfully demonstrate the first wideband ap-
plications of planar MIC techniques at millimeter wavelengths. Further, they
established the feasibility of the MIC approach up to 40 GHz and pave the way

for similar developments to 80 GHz and beyond. > hex {: pag &

DD.\-1473 =
1 JAN 73
EDITION OF 1 NOV 65 IS OBSOLETE SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

o A —
o~ A




SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

19 KEY WORDS (Continued)

20 ABSTRACT (Continued)

*=2> The design, fabrication, and performance of the K-band image-reject mixer
and the Ka-band balanced mixer are presented and discussed.

DD. V- 147354

EDITION OF 1 NOV 65 IS OBSOLETE SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




LIST OF

LIST OF

ILLUSTRATIONS . & & &

RABEES o o v ve miw

ACKNOWLEDGMENTS . . . . . . &

IT

IIT

INTRODUCTION . <« & < «

A,

B.

SUNMMAEY 5 =« o s s~

Recommendations . .

CONTENTS

K-BAND (18.0 to 26.5 GHz), MIC, IMAGE-REJECT MIXER

A.

B.

E.

Background . « . .
Design Principles .

Measured Performance

.

Design and Performance of Component Parts .

) General . . .

2 K-Band (18.0 to 26.5 GHz), MIC, S

Mixer ' & & a .

w

Rybtid - & %
e Low-Pass Filter

Conclusions . . . .

References . . . « « . .

Ka-BAND (26.5 to 40 GHz) PLANAR BALANCED

A,
B.

C.

Background . . . .

Design Considerations . . .

Measured Performance

iii

.

.

Diode Selection and Matching Network
4, K-Band (18.0 to 26.5 GHz), MIC, 3-dB

MIXER

Quadrature

ingle-Balanced

.

vii

ix

27
21
30
39




Ka-BAND (26.5 to 40 GHz) PLANAR BALANCED MIXER (Continued)
13 % Design and Performance of Component Parts

Jed EOSEREDA e E e i ey b s e e A

2. Waveguide-to-Slotline Transition . . . . .

3. Diode Matching Network Design and lhenretlcnl
(o9 arc b eyl die RS el S SRl

| Conclusions . . . e e e el Nl aje e

% o ooy e o R e S e e e C Oy P U T L P i R Tt

APPENDICES

A

OPERATING INSTRUCTIONS FOR THE K-BAND, MIC, IMAGE-REJECT
MIXER S SMOPEERKERM=21( 208 S e e e

FINAL TECHNICAL PERFORMANCE MEASUREMENT COMPARISON FOR THE
K-BAND, MIC, IMAGE-REJECT MIXER, MODEL KIRM-2(2) . . . .

OPERATING INSTRUCTIONS FOR THE Ka-BAND, BALANCED MIXER,
O I L L e e o S B e SR e e e

FINAL TECHNICAL PERFORMANCE MEASUREMENT COMPARISON FOR THE
Ka-BAND BALANCED MIXER, MODEL RBM-1 . . . . . . . . .

iv

43

43
46

47
49
51

53

61

87

95




II-1

I1-2

I1-3

IT-5

I1-6

I1-7

II-8

II-9

I1-10

1I-11

1I1-12

ILLUSTRATIONS

K-Band (18.0 to 26.5 GHz), MIC, Image-Reject
Mitcer s Madel RTRM =25 (2 0E e s s e s o,

Block Diagram of Image-Reject Mixer . . . . . . . .

RF and Bias Circuitry of K-Band (18.0 to 26.5
GHz) , MIC, Image-Reject Mixer, Model KIRM-2(2) . . .

Noise-Figure Characteristics at 26 GHz for
the K-Band (18.0 to 26.5 GHz), Image-Reject
Misxer, Madel KTRM=21C2) S ety e s e o

Conversion Loss, Image Rejection, and 2 x 2
Intermodulation Products for the K-Band (18.0 to
26.5 GHz), Image-Reject Mixer, Model KIRM-2(2) . . .

Transfer Characteristics for the K-Band (18.0
to 26.5 GHz), MIC, Image-Reject Mixer, Model
)38 o & e, R R e R Y S S S e

Return Loss and Isolation Characteristics for
the K-Band (18.0 to 26.5 GHz), MIC, Image-Reject
Mixer', Model MKRERM=2 (2)i L, v of s W ataio e ol 2oy ol fen o v s

Real and Image IF-Port Return-Loss Characteristics
for the K-Band (18.0 to 26.5 GHz), MIC, Image-Reject
Mixer; Model KIERM=2(2) « o 5 4 & o % o' % o 5 s 5 s

Double-sideband Noise-Figure Characteristics at
26 GHz for the K-Band (18.0 to 26.5 GHz), MIC,
Balanced Mixer, Model KDMIX-1 . . . . « &« « & .« &

Lowest Attainable Noise Figure at 26 GHz for
the K-Band (18.0 to 26.5 GHz), MIC, Balanced
YEEXELy Model ROl 5 8 5l 0 S0 e e e e e .

Conversion Loss for the K-Band (18.0 to 26.5 GHz),
MIC, Balanced Mixer, Model KDMIX-1 . . . « « « & o &

Return Loss and Isolation Characteristics for
the K-Band (18.0 to 26.5 GHz), MIC, Balanced
Mixer, Model KDMIX=] i « « + s # ¢ s ¢ & 5 o & % &

13

1.2

13

14

16

18

19

19

21




I1-13

I1-14

IT-15

I1I-1

ITT-2

EXT~3

ITI-4

III-5

I1I-6

I1I-7

I1I-8

I1I~9

I1I~10
ITI~11

Return Loss Characteristic for Broadband
Matching Network for K-Band Mixer Diode,
HP. 50822769 . & « i e o6 e

Performance Characteristics for the K-Band
(18.0 to 26.5 GHz), MIC, 3-dB, Quadrature
B T O e L e e e

Low-Pass-Filter Performance Characteristics . . .

Schematic of Ka-Band Balanced Mixer Using
Balanced and Unbalanced Lines . . . . « « « . . .

Photograph of Balanced Mixer from 26.5 to 40 GHz
Showing the Two Halves of the Housing and the Two
Quartz SubsEratesh o s e TRt R e e

Detailed View of the Balanced Mixer Circuit
fOr 2635 Ea 400CHZ" -0 aiiala e ea e e

Ka-Band Planar Balanced Mixer . . . . « ¢ ¢ ¢ « &

Conversion Loss and Noise Figure of Ka-Band
Balanced Mixer, Model RBM-1 . . . . . . . . . . .

Return Loss of RF and LO Port of Ka-Band
Balanced Mixer, Model RBM-1 . . . . . . . . .« . &

LO-to-RF Isolation for Ka-Band Balanced Mixer,
Model RBM-1 (PLO O G s T

Noise Figure Versus LO Power for Ka-Band
Balanced Mixer, Model RBM-1 . . . . . « ¢ « o « &

High IF Frequency Response of Ka-Band
Balanced Mixer, Model RBM-2 . . . . . . « ¢« « « &

Measurement Results of LO-IF Diplexer . . . . . .

Equivalent Circuit of Beam-Lead Diode
and Matehing NEEWOXK . « o, © o o0 o o o o o s

K-Band (18.0 to 26.5 GHz), MIC, Image-Reject
Mixer, Model KIRM=2(2) .+ & & w o o« o o & » o o &

K-Band MIC Image-Reject-Mixer Connector Layout .

Ka-Band MIC Balanced-Mixer Connector Layout . . .

vi

22

23

25

29

31

32
33

37

38

40

41

42
45

47

56
56
91




I[-1

I1-1

ITI-1

TABLES

Mixer Performance Summary . . . . .

Performance of K-Band, MIC, Image-Reject
Mixer, Model KIRM=2(2) =« « + « &« « « 5 & »

Test Results of 26.5-to-40-GHz Balanced
Mixer, Model RBM~L . < v v s e & 5 s s

Specifications of K-Band Image-Reject Mixer

Specifications of Ka-Band Balanced Mixer

vii

10

36
55
89




ACKNOWLEDGMENTS

The authors wish to acknowledge the valuable contributions made by
other SRI personnel--namely, Joe Hunt, Engineering Associate, who fabri-
cated and assembled the microminiature MIC hardware, and John Watjen,
Research Engineer, who assisted in the unique measurements and in eval-
uating the test results on the K-Band, MIC image-reject mixer. Further,
SRI authors deeply appreciate the support and confidence of John Reindel,

NELC Technical Monitor, and John Griffin, NELC Program Manager.

ix - T

( PRECEDING PAGK‘BLANK-NOT FILMED

T

--------IIII--IIIII‘




I INTRODUCTION

A. Summary

The Electromagnetic Techniques Laboratory of Stanford Research Insti-
tute has designed, developed, and fabricated a planar K-band (18.0 to
26.5 GHz) low-noise, balanced mixer with a wide IF bandwidth of 10 GHz
using advanced microwave-integrated-circuit (MIC) techniques specifically
suited for millimeter-wave applications. These mixers successfully demon-
strate the first application of planar MIC techniques at millimeter wave-
lengths to achieve low-noise performance over wide bandwidths. They es-
tablish the feasibility of the planar MIC approach up to 40 GHz and pave

the way for similar developments to 80 GHz and beyond.
The major goals of the development were to:

e Obtain wideband operation in each mixer covering as a mini-
mum the K~ and Ka- waveguide bands, respectively.

e Demonstrate the high-performance capability of planar
millimeter-wave circuit techniques for future system
applications,

e Establish techniques that are feasible for operation to
the 40-to~60-GHz range and above.

o Establish design techniques that can be easily extended to
include YIG-tuned filters and local oscillators all on one
substrate.

e Obtain a design of minimum size and eliminate bulky wave-
guide adapters.

e Achieve nominal conversion loss and noise-figure performance
for LO power variations of up to 6 dB.

e Provide IF filters designed with 10-CHz bandwidth to extend
the potential mixer application capabilities to systems
using double conversion.




The primary objectives of the mixer development program were to

achieve high performance over wide bandwidths in a small volume with high

reliability and with low cost in production.

All these objectives were

achieved by the application, to the millimeter-wave region, of techniques

proven at lower frequencies.

pletion of the development

in mixers that met all the

The highlights of the

for a LO power level of +3

This approach assured the successful com-
program within a six month period and resulted

expected performance specifications.

typical performance of the two types of mixers

dBm are listed in Table I-1. Additional de-

tails on the performance are contained in Sections II and III.

Table I-1

MIXER PERFORMANCE SUMMARY

K-Band Ka-Band
Image-Reject Mixer | Balanced Mixer
Main Test Parameters (18-26.5 GHz) (26-40 GHz)
Goal Achieved Goal Achieved
>
LO port VSWR 2.5:1 Lol 2wk 25k
RF port VSWR 25zl 1.5:1 Zaotelh ot l
IF port VSWR 24051 L.25t] Le5 5l 255!
Conversion loss 8.5 dB 8.7 d 8.0 dB | 8.0 dB
Noise figure at 168 MHz IF 10.0 dB | 10.2 dB 9.5 dB 9.5 dB
(IF bandwidth 110 MHz,
IF amplifier noise figure
1:5 dB)
LO to RF isolation 13.0 dB | 15.0 dB 25,0 dBi| 25.0 dB
2 ¥ 2 balance at =20 dB RF | 40.0 dB | 53.0 dB {40.0 dB | 45.0 dB
power level
Image rejection 20.0 dB | 22.0 dB Does Does
not not
apply apply
2




B. Conclusions

The K- and Ka-band mixer developments of this program have demonstrated
the broadband capabilities of the planar MIC construction at frequencies up
to 40 GHz. These MIC techniques can now be considered for application in
other broadband systems at mm wavelengths. Some appropriate applications
are in IFM (instantaneous frequency measuring) polar discriminators,
channelized receiver front ends, superhetrodyne receivers, and other
ECM/ESM (electronic counter measures/electronic support measures) appli-
cations where wide bandwiath performance is desired with small size and

low production cost.

It appears that these planar MIC techniques can be extended further
in frequency--first to 60 GHz and possibly to 100 GHz. At this time, the
planar MIC technique seems to be the most promising for achieving wide
band operation at mm wavelengths. The upper frequency limit will be
determined primarily by the precise mechanical dimensions and tolerances
obtainable from the available fabrication technique. New design approaches
and techniques are necessary to realize circuit components (particularly
3-dB hybrids) with wideband performance at 100 GHz. These new design
approaches will require less stringent mechanical tolerances (measured
in electrical wavelengths) in order to provide for the development of

complete complex planar MIC systems up to 100 GHz.




IT K-BAND (18.0 to 26.5 GHz) MIC, IMAGE-REJECT MIXER

A, Background

The K-band (18.0 to 26.5 GHz) image-reject mixer was developed for
shipboard applications. It is applicable to wideband, low-noise and high-
RF-bandwidth receiver systems and features coaxial RF and LO ports for

easy integration with YIG-tuned filters and oscillators.

The basic approach used to realize the K-band image-reject mixer was
the planar MIC technique. All of the RF circuitry and a major portion of
the IF circuitry were constructed on a single sapphire substate 0.75 x 1.50
inches in size and 0,010 inch in thickness. This approach reduced inter-

connecting line lengths to a minimum, thereby reducing circuit losses.

Using a single substrate also eliminated connectors and jumpers from
the internal circuitry of the image-reject mixer. Subsequently, impedance
discontinuities between components were reduced to a minimum so that phase
and amplitude matching over a broad band could be more easily achieved.
Because each of the component parts on the substrate were processed at
the same time, their performances were closely balanced and the overall

balance of the image-reject mixer was substantially enhanced.

A1l of the design performance goals as outlined in the Introduction
were achieved for the K-band image-reject mixer Model KIRM-2(2), shown in
Figure II-1. 1In particular, consistent performance was obtained over the
entire waveguide bandwidth. The mixer performed as expected from theoreti-

cal considerations under conditions of LO power variations of 6 dB.

Section I1-B discusses the design principles of the K-band image-

reject mixer, and detailed performance characteristics are presented in

PRECEDING PAGEIBLANK-NOT FILMED




SA-3414-17

FIGURE 1I-1 K-BAND (18.0 to 26.5 GHz), MIC, IMAGE-REJECT MIXER, MODEL KIRM-2(2)

Section II-C. Section II-D presents performance of the single-balanced-
mixer portion of the image-reject mixer for comparison and also includes
performance of several of the component parts used in the image-reject
mixer. Operating instructions for the image-reject mixer are given in
Appendix A, The performance goals for this development and a technical

performance comparison are presented in Appendix B.

B. Design Principles

The image-reject mixer incorporates a pair of balanced mixers (single-
balanced or double-balanced), two RF hybrids, and one IF hybrid as shown
in Figure 1I-2. The RF is fed through a quadrature hybrid while the LO
is fed through an in-phase power divider. The IF outputs from each
balanced mixer are combined in a quadrature hybrid operating at the IF

6




BALANCED
MIXER

'

Real
.[_ AV RF RF IF Output
QUADRATURE IPEARE - sy QUADRATURE
HYBRID POWER LO HYBRID
1o S SPLITTER Image
Input Input } Output
‘ .
| saLancep
i MIXER
TA652583-94
FIGURE I[1-2 BLOCK DIAGRAM OF IMAGE-REJECT MIXER

frequency. The response due to the upper sideband appears at one output

port of the IF hybrid, while the response due to the lower sideband ap-
pears at the other. Therefore, the image response is suppressed without

the use of RF bandpass filters preceding the RF port.;* Also, the noise
in the image band generated by a microwave preamplifer is suppressed.
Either single- or double-balanced mixers may be used in the design of an
image-reject mixer, and the respective advantages and disadvantages of

each carry over to the image-reject mixer.

Figure I1I-3 shows the RF, IF, and bias circuitry of the K-band, image-
reject mixer, Model KIRM-~2(2). The IF quadrature hybrid is contained in
the compartment under the substrate and is the only element not visible
in the figure. The image-reject mixer shown consists of two single-
balanced mixers, RF and LO signals are supplied to each single-balanced

mixer through the quadrature hybrid Hl, and the in-phase power divider.

9
References are listed at the end of each major section.

7




POWER DIVIDER
/ ¥
MIXER DIODE
f

SA 34141

FIGURE II-3 RF AND BIAS CIRCUITRY OF K-BAND (18.0 to 26.5 GHz), MIC, IMAGE-
REJECT MIXER, MODEL KIRM-2(2)

The RF load resistor for the quadrature hybrid Hl and the balancing
resistor for the in-phase power divider are thin-film tantalum nitride
resistors fabricated on the substrate during the circuit-delineation pro-
cess., The two single-balanced mixer portions of the circuit are located
on opposite ends of the substrate. The mixer diodes are Schottky-barrier
beam-lead devices (Hewlett-Packard 5082-2769), and are shunt-connected to
ground through a conductive-epoxy-filled hole in the sapphire substrate.
The IF combining circuits and a portion of the diode-biasing circuits are
located at the extreme ends of the substrate. Chip capacitors and chip
resistors are used for the dc and IF circuits.

8
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The two PC boards at opposite ends of the sapphire substrate contain
the diode bias and protective circuits and provide the bonding pads for
ribbon leads connecting to the circuitry on the sapphire substrate. The
quadrature hybrid for the IF and the coaxial cables to the IF output ports
connect through the back side of che PC board and are not visible in the

figure.

C. Measured Performance

A performance summary of test results obtained for the K-band, image-

reject mixer, model KIRM-2(2) is shown in Table II-1.

Details of the noise-figure performance are shown in Figure 11-4.
From the data in Figure II-4 the diode bias currents were set at 1.0 mA,
corresponding to the minimum-noise-figure condition with +3 dBm LO drive.
Note also that at 1.0 mA diode current, variations of the LO power from
0 to +10 dBm change the noise figure by only 1.5 dB and by only 0.6 dB
for LO power variations from +3 to +10dBm. Therefore, for the condition
in which the LO source may be gradually degrading, as is not unusual at
millimeter wavelengths, the KIRM-2(2) mixer is capable of providing noise

performance that is only slightly degraded.

The conversion-loss characteristic shown in Figure 11-5 illustrates
the broadband capability of the KIRM-2(2). The conversion loss is less
than 9 dB over 907% of the band and rises to a maximum of 10 dB at the
upper bandedge. The image-rejection characteristics and the 2 x 2 inter-
modulation products are also shown in Figure II-5. The curves labeled
Port Jl apply when the LO frequency is greater than the RF frequency, and
Port J1 is the output port for the real IF signal. (Port J2 would be the
output port for the image signal, in this case.) When the LO frequency
is less than the RF frequency, the real signal appears at Port J2 and the

curves labeled Port J2 apply. Note that the image rejection is typically




Table I1-1

PERFORMANCE OF K-BAND, MIC, IMAGE-REJECT MIXER,

MODEL KIRM-2(Z)

Test Results

Notes Parameter Max or Min Data k
Typical
+3 dBm | +6 dBm S
Conversion loss, dB 10.0 9.6 8.7
Image rejection, dB 18 L7 22
LO-to-RF isolation, dB 12 9 L5
LO-to-IF-isolation, dB 36 36 41
RF VSWR 2.4:1 20651 J ER R |
LO VSWR 2.0%1 2.4:1 1431
IF VSWR (168 MHz) l.4:1 LGl 1251
1-dB compression point, dBm 0 +1 +1.5
3 Common-mode rejection, dB 16 16 .4 26
2 2 x 2 suppression, dB 44 45 53
é 2 4 x 3 suppression, dB >60 >60 >60
2 3 x 4 suppression, dB >60 >60 >60
3 2-tone 2nd-order, intermod, dB -40 -42 N/A
3 2-tone 3rd-order, intermod, dB =32 <-60 N/A
Mixer Parameters
Frequency: 18.0 to 26.5 GHz
Size: 4" x 2.5" x 2.1" excluding connectors
Weight: 1 pound
Power requirements: +15 Vdc at 2 mA
-15 Vdc at 2 mA
LO drive range: +3 to +6 dBm
Notes: (1) 1Injected RF level = -20 dBm.
IF output level measured relative to RF level.

(2) RF level = -20 dBm,

IF output level measured relative to primary IF output.

(3) RFl = RF2 = -20 dBm.
Data taken at 25 GHz.

10
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FIGURE II-5 CONVERSION LOSS, IMAGE REJECTION, AND 2 X 2 INTERMODULATION
PRODUCTS FOR THE K-BAND (18.0 to 26.5 GHz), MIC, IMAGE-REJECT
MIXER, MODEL KIRM-2(2). IF frequency = 168 MHz, diode bias currents =
1.0 mA, LO power input = 3.0 dBm.

greater than 20 dB and dips to a minimum of 17 dB near band center. 2 x 2

intermodulation products are greater than 40 dB across the band.

The transfer characteristics and the second-order intermodulation
characteristic is shown in Figure II1-6. The 1~dB compression point is
slightly above 0 dBm and the second-order intermodulation intercept point
is +6 dBm. Increasing the LO drive to +10 dBm has only a small effect

on the l1-dB compression point, increasing it to about +4 dBm.

The return loss of the LO and RF ports and the LO-to-RF isolation
are shown in Figure II-7. The minimum return loss at the RF port is 8 dB,
corresponding to a maximum VSWR of 2.3:1. The RF-port return loss over
most of the band is greater than 10 dB (VSWR = 1.9:1). The LO port re-

turn loss is greater than 10 dB over the entire band. Both the RF and

12
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LO ports are fitted with coaxial connectors (Maury Microwave Corp. Type
MPC2) suitable for operation at millimeter wavelengths for the purposes

of testing (see Figure 11-1). (In a system integration, the coaxial
cables could mate directly with a YIG-tuned filter and LO, eliminating

the connectors.) Assuming that the connector VSWR and the VSWR associated
with the coaxial-to-microstrip transition at the substrate are about equal,
then the maximum measured VSWR of 2.3:1 corresponds to a maximum VSWR of
about 1.5:1 for both. Over most of the band, where the measured VSWR is
typically less than 1.9:1, the connector and the transition VSWRs are less
than 1.38:1. Therefore, the typical input VSWR to the KIRM-2(2) mixer as
seen by a YIG-tuned filter and by a YIG-tuned LO would be on the order of

L.38:L.

The LO-to-RF isolation characteristic shown in Figure I[1-7 indicates
the worst case isolation to be 12 dB at the low-frequency end of the band,
which is slightly better than the design goal. The isolation is greater
than 14 dB over the remaining 907% of the band and increases to values in

excess of 20 dB over a significant fraction of the band.

The return losses of both the image and real IF output ports are
identical and are shown in Figure II-8. At the IF frequency of 168 MHz

the return loss is 20 dB, corresponding to a VSWR of about 1.2:1.

D. Design and Performance of Component Parts

| General

In order to achieve maximum performance from the image-reject
mixer, each component part was first tested separately. 1In this way, the
performance of each component part could be individually optimized, be-
cause once the components were assembled into an image-reject mixer, there
would be no opportunity for individual testing and the effects of perfor-

mance deviations would be masked by other components so that interpretation
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FIGURE 11-8 REAL AND IMAGE IF-PORT RETURN-LOSS CHARACTERISTICS FOR THE
K-BAND (18.0 to 26.5 GHz), MIC, IMAGE-REJECT MIXER, MODEL
KiIRM-2(2). Diode bias currents = 1.0 mA.

of test results would be extremely difficult. In this subsection, perti-
nent component parts of the image-reject mixer are discussed and individual
per formance characteristics are presented. The components are treated in

order of descending complexity as follows:

e Balanced Mixer
e Diode selection and matching network
e 3-dB quadrature hybrid

e Low-pass filter.

2, K-Band (18.0 to 26.5 GHz), MIC,
Single-Balanced Mixer

A single-balanced mixer was used in the image-reject mixer rather

than a double-balanced mixer because it has a lower noise figure and lower
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VSWR, In addition, it is somewhat less complex. The single-balanced-
mixer portion of the image-reject mixer indicated in Figure 11-3 was

tested by feeding RF and LO signals into the two arms of the 3-dB quadra-
ture hybrid that are opposite the two arms connecting to the mixer diodes.
This was accomplished by constructing the single-balanced mixer on a square
substrate approximately one-half the length of the image-reject-mixer sub-
strate so that the input arms to the 3-dB quadrature hybrid were accessible
at the substrate edges and could be connected to coaxial input lines

through suitable transitions.

The double-sideband (DSB) noise-figure characteristic of the
single-balanced mixer is shown in Figure 11-9, and corresponds to curves in
Figure II-4 for the image-reject mixer where LO power inputs are two times
as great as for the single-balanced mixer to account for the extra diodes.
For example, the O-dBm curve in Figure 11-9 corresponds to the +3 dBm curve
in Fiugre I1I-4, The minimum double-sideband noise figure is 7 dB at O dBm
LO power input to the single-balanced mixer and occurs at a diode bias
level slightly greater than |l mA. For the same LO power input per diode
(+3 dBm total to the mixer) and the same bias level of 1 mA, the noise
figure of the image-reject mixer is 10 dB from Figure I1-4. The noise
figure of the image-reject mixer is the single-sideband noise figure be-
cause of the image-cancelling properties of the image-reject circuit, and
should be 3 dB greater, theoretically, than the 7-dB double sideband

noise figure of the single-balanced mixer.

Figure II-10 shows the noise figure obtained as a function of LO
power input with the diode bias currents adjusted for minimum noise figure
at each value of LO input power. By adjusting the bias currents as shown,
the mixer can be used over a wide range of LO powers with very small varia-

tion in the noise-figure performance.
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(13.0 to 26.5 GHz), MIC, BALANCED MIXER, MODEL KDMIX-1

The conversion-loss characteristic is shown in Figure II-11.

The conversion-loss is typically less than 8 dB over most of the band,

e e e e S R TR e

10r‘— iy
[+0]
>
“9»—— i)
-
- J
s :
4
g i —
2
8

FERRET RIS STE Ay U ot DUV SN N SR |

18 20 22 24 26
FREQUENCY — GHz

SA-3414-9
FIGURE 1I-11  CONVERSION LOSS FOR THE K-BAND (18.0 to 26.5 GHz), MIC,

BALANCED MIXER, MODEL KDMIX-1. Diode bias currents = 1.0 mA,
LO input power = 0 dBm.
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increasing to about 8.4 dB at 26 GHz, and compares well with the noise-

figure data measured with an amplifier with 1.5 dB noise figure.

The return-loss characteristics for the single-balanced mixer in
Figure 11-12 indicate a VSWR less than 2.0:1 (10 dB return loss) over the
band for both the RF and LO ports with the exception of one point where
the LO port VSWR increases to a maximum of 2.3:1. The LO-to-RF isolation

for the single-balanced mixer varies between 5 and 10 dB over the band.

3 Diode Selection and Matching Network

Hewlett Packard Schottky-barrier beam-lead diodes (HP 5082-2769)

were used in the K-band, image-reject mixer. They had the following

characteristics
Junction capacitance 0.08 pF
Series resistance 5 ohms
Junction resistance (1 mW LO power) 230 ohms
Package capacitance 0.02 pF

Lead inductance 0.1 nH

The cut-off frequency and self-resonance frequency for these diodes are
approximately 400 GHz and 50 GHz, respectively. The diodes were connected
electrically in shunt by mounting them between the microstrip line and

a grounding post through the substrate to the ground plane. The post was
fabricated by ultrasonically drilling a 0.040-inch-diameter hole in the
substrate and filling it with silver epoxy. A broadband RF match to the
diode impedance was designed by including the beam-lead parasitics as

part of a lumped-element matching network. Additional series inductance
was obtained by increasing the gap size where the beam-lead diodes were
mounted. Additional shunt capacitance was obtained by adding capacitive

islands to the microstrip line near the diode.
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The return loss was more than 12.5 dB over the band, as shown
in Figure 11-13, corresponding to a maximum VSWR of about 1.6:1. This

also includes the VSWR of the connectors.

RETURN LOSS — dB

Lk

26 27

FREQUENCY — GHz

SA-3414-11

FIGURE 11-13 RETURN LOSS CHARACTERISTIC FOR BROADBAND MATCHING NETWORK
FOR K-BAND MIXER DIODE, HP5082-2769

4. K-Band (18.0 to 26.5 GHz),
MIC, 3-dB Quadrature Hybrid

The 3-dB quadrature hybrid was realized by connecting two
8.34-dB edge-coupled microstrip couplers in tandem. Crossovers were
placed at the center of each 8.34-dB coupler in order to preserve the
overall symmetry of the 3-dB hybrid and assure that the quadrature phase
relationship between the outputs was maintained over the entire band.
Because the coupler is physically very short, the crossovers represent a
significant portion of its length and have a significant effect on the per-
formance by introducing discontinuities that increase the ripple response.

The effects of the crossovers and also of the discontinuities presented
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to the coupler at its ports during testing are evident in the performance
characteristics of Figure 11-14. Over the 18.0-to-26.5-GHz band, the
coupling-characteristic imbalance is 0.7 dB maximum. The dissipation
loss through the coupler is about 0.8 dB for eacii path., This loss also
includes losses introduced by connectors and transitions used to test the
hybrid, and would be somewhat less for the hybrid imbedded in the image-

reject-mixer circuitry.

e Low-Pass Filter

The low-pass filter for the extraction of the IF signal was
designed using a semilumped approximation. High-impedance lines were
used to realize series inductors, and low-impedance lines to realize
shunt capacitors. A seven-pole filter was realized by fabricating the
capacitor sections on the substrate and bonding 0.00l-inch-diameter gold
wire between the capacitor islands for the inductors. The IF frequency
of the mixer was 168 MHz and was determined by the IF hybrid, but the low-
pass filter was designed for IF frequencies up to X band. Measured per-
formance of the low-pass filter when terminated in 50 ohms gave a VSWR of
1.05 at 168 MHz and an insertion loss of 0.10 dB. The filter performance
over the frequency range from 300 MHz to 18 GHz is shown in Figure II-15
and illustrates the low-pass characteristic with a cutoff frequency of

about 11 GHz.

E. Conclusions

The utility and advantages of planar, MIC techniques applied at milli-
meter wavelengths have been demonstrated successfully by the K-~band image-
reject-mixer development. The wideband performance obtained is comparable
to that of lower-frequency MIC mixers and derives directly from the use
of planer techniques and beam-lead diodes with very high cutoff frequen-

cies. By use of the MIC medium, it was possible to avoid the restrictive
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bandwidth limitations associated with waveguide circuits and to open up
the millimeter-wave bands to wideband system realizations. In addition,
fabrication of the entire RF portion of the image-reject mixer on a single
substrate substantially reduced internal impedance mismatches and resulted
in an inherent balance between components that were subjected to identical
processing steps. As a result, low-noise performance and good image re-

jection and LO-to-RF isolation were obtained over the entire K band.

The successful application of the MIC technique at millimeter wave-
lengths requires that circuits be fabricated with mechanical precision
commensurate with the small wavelengths. Precision delineation of the
thin-film circuit patterns is greatly enhanced by the use of smooth sub-
strate material such as polished sapphire. The use of smooth substrate
materials and photolithographic techniques routine to semiconductor
integrated-circuit production provides adequate precision and repeatability
to assure high yield and low-cost production of relatively complex MIC
circuits at millimeter wavelengths. It is clear that the techniques used
to produce the K-band image-reject mixer can be extended to 40 and possibly

60 GHz with minimum difficulty.

REFERENCES
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ITI Ka-BAND (26.5 to 40 GHz) PLANAR BALANCED MIXER

A. Background

Waveguide single-ended and balanced mixers for millimeter-wave fre-
quencies have been available for many years. The instantaneous RF band-
width of these mixers was limited to between 107 and 20%. Wider bandwidths
in waveguide are difficult to achieve. Therefore, a new planar approach
was taken that circumvented most of the difficulties of a waveguide de-
sign and offered all other advantages of an integrated-circuit design,
such as small size, low cost, high reliability, and reproducibility.

Two major obstacles that limit the bandwidth of waveguide mixers will

be touched upon briefly. For many years, chip diodes mounted in a so-
called Sharpless waveguide wafer' were the only diodes suitable for
millimeter-wave frequencies. These diodes were limited in bandwidth
because of the parasitic reactances of the chip itself and those of the
wafer mount. More recently, GaAs Schottky-barrier dic s with very high
cutoff frequencies (1000 GHz and higher) and low junction capacitances
have become available. Even more important, GaAs diodes are now on the
market in the form of beam-lead devices, which make microwave integrated
circuits (MIC) at millimeter-wave frequencies practical. Because the
MIC transmission-line geometries such as microstrip or stripline are
smaller than waveguide geometries, and the electromagnetic fields are
confined to smaller areas, interconnections with small semiconductor

diodes are possible with greatly reduced parasitic reactances.

For wideband applications, single~ended mixers are normally insuf-
ficient because they lack local-oscillator (LO) noise suppression and

low spurious-response density. Therefore, balanced or double-balanced
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mixers have to be used., Balanced mixers require cither a 90° or 180°
hybrid to combine the LO signal and RF signal. Waveguide hybrids were
ruled out because of limited bandwidth (short-slot coupler, branch-line
coupler, or magic Tee) or because of excessive coupling imbalances (multi-
hole coupler), In addition, all waveguide couplers are quite large in
size, and two separate transitions to a circuit medium convenient to

mount the two diodes would be required. On the other hand, stripline or
microstrip wideband quadrature hybrids from 26.5 to 40 GHz are very dif-
ficult to realize. The microstrip design developed for the 18-to-26.5-GHz
image-reject mixer probably represents the uppermost limit of that par-
ticular design. Branch-line couplers covering the complete Ka-band are
feasible, but their performance is not very appealing. Most promising at
the time of this writing appears to be a hybrid branch-line coupler in
microstrip.; This design combines microstrip and slotline to achieve a
wideband quadrature hybrid with an easily achievable geometry. It is

also important to note the differences between a mixer using a 90O hybrid
and one using a 180° hybrid. The 90" hybrid generally has good LO and

RF port VSWRs, but suffers from a low LO-to-RF isolation. Opposed to
that, a 180 hybrid-coupled mixer has good LO-to-RF isolation but has

normally poorer LO and RF port VSWRs, If LO-to-RF isolation is an im-

portant factor, the 180° hybrid is the proper choice,

Because none of the above-mentioned hybrids offered performances
satisfying all the requirements for a wideband Ka-band mixer, a design
based on forming a 180° hybrid junction by joining two orthogonal trans-
mission lines was selected., The basic principle of this design is shown
in Figure I1II-1, The RF input is a balanced-line system (e.g., waveguide,
two=wire line, or slot line). The unbalanced input (e.g., coaxial line,
stripline, or coplanar waveguide) carries the LO signal. Two diodes
appearing in series and with equal polarity across the RF port and in

parallel with opposite polarity complete the hybrid junction. With the
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FIGURE IlI-1  SCHEMATIC OF Ka-BAND BALANCED MIXER USING BALANCED
AND UNBALANCED LINES

diodes so connected, the IF signal appears on the unbalanced side. There-
fore, a diplexer consisting of a low-pass filter (LP) and a bandpass filter
(BP) is necessary to separate the IF and LO signals. This hybrid junction
is essentially equivalent to a waveguide T with the unbalanced and the
balanced ports corresponding to the H and the E arms. The remaining two
ports of the waveguide T correspond to the ports to which the diodes are
connected, By nature of the geometrical symmetry of the junction, this
hybrid has perfect isolation between the RF and the LO ports. In practice,
the isolation is limited only by geometrical asymmetries and an imbalance
of the diodes. The following section presents details of the practical

application of this mixer schematic to the Ka-band mixer,
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B, Design Considerations

The design of the novel 26,5-to-40-GHz mixer i1s best illustrated by
means of the photographs of the actual unit as given in Figure I11-2 and
particularly in Figure III-3, An outside view is shown in Figure ]II;G.
The circuit is printed on two 0.010-inch quartz substrates. Quartz was
selected because of its low loss tangent and its low dielectric constant
(¢p = 3.78), which means a reduction in loss compared with higher dielec-
tric substrates such as sapphire. A 180" hybrid junction was selected,
using a balanced slotline for the RF signal and an unbalanced coplanar
waveguide for the LO and IF signals. The junction geometry is ideal for
mounting beam-lead diodes. The RF input of the mixer is in waveguide,
shown on the right side in Figure III-3. The substrate sits in the center
of the wavegaide, perpendicular to the broad wall. A tapered transition
printed on the substrate matches the waveguide input to the slotline,
which has a characteristic impedance of 100 ohms. Only on the waveguide
side, the taper is interrupted by a single step, nominally A/4 away from
the edge of the substrate. This step compensates the abrupt discontinuity
caused by the emergence of the quartz substrate in the waveguide. Like
all major components of the mixer, the taper was evaluated initially in
a model experiment at C-band. Design details and results of the component
development will be treated separately in Section III-D.

*
The input line for the LO is a coaxial semirigid cable. This allows

easy interconnection with a YIG-tuned oscillator, which is usually cong
structed with coaxial transmission lines. Visible on the left side of
Figure III-3 is the transition from the semirigid cable to a suspended sub-
strate. The center conductor of this line is printed on the quartz sub-
strate, with the outer conductor formed by a 0.080-by-0.080-inch channel

in the housing. A three-section bandpass filter formed by half-wave,

*

The coaxial connector used is the MPC2, male, from Maury Microwave,
Cucamonga, California, which provides mode-free operation up to 40 GHz.
Transitions from MPC2 to waveguide are available from Maury Microwave.
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FIGURE [11-2 PHOTOGRAPH OF BALANCED MIXER FROM 26.5 TO 40 GHz SHOWING
THE TWO HALVES OF THE HOUSING AND THE TWO QUARTZ SUBSTRATES
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FIGURE IlI-4 Ka-BAND PLANAR BALANCED MIXER

parallel-coupled resonators located alternately on the top and the bottom
side of the suspended substrate passes the LO signal, but stops the IF
signal. The passband insertion loss of this filter is less than 1 dB.
Stop-band insertion loss 1s better than 21 dB at 10 GHz and 39 dB at

2 GHz. The LO bandpass filter is followed by a section of straight
50-ohm suspended substrate stripline and a tapered section that is more
precisely referred to as coplanar waveguide because the channel dimensions
do not change in the tapered section. The taper maintains the 50-ohm
impedance level., A pair of matched diodes is mounted at the junction of

the slotline and the coplanar waveguide.
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Extraction of the IF signal occurs by means of a semilumped low-
pass filter that is constructed in microstrip. This filter has a nominal
passband from dc to 10 GHz and a stop-band attenuation of more than 50 dB
from 26.5 to 40 GHz. Special care has been given to the common junction
of the bandpass and low-pass filter. The residual reactance of both
filters presented at the common junction was taken into account in the

design of each filter.

Separate biasing of the two diodes in this mixer was made possible
by dc-isolating the large, printed gold areas that form the ground con-
ductor for the coplanar waveguide and the slotline taper. An RF short
to the housing of these conductors is accomplished with 0.0005-inch mylar
insulators between the gold metallization and the top cover of the mixer,
The insulated areas in the top cover are a quarter wavelength wide at mid-
band. Together with the cavities on both sides of the waveguide channel
(see Figure III-2), an effective RF choke system is formed. Two 1000-pF
capacitors are mounted between the substrate and ground for the IF ground
return, The diodes are current-biased from a dc voltage supply through
resistors of several kilohms. To allow different currents in the two
diodes, a 5.1-kilohm resistor is connected to ground on the IF output
side to provide a path for the difference in the two diode currents to
ground, This resistor has a negligible influence on the performance

of the mixer.

The most critical elements of the mixer are the diodes. They deter-
mine to a high degree the RF bandwidth, the conversion loss, and the noise
figure that are achievable with a given configuration. For millimeter-
wave applications, Schottky-barrier diodes with an extremely high cutoff
frequency, fc' low junction capacitance, CJ' and low series inductance,

*

L , are required. Beam-lead diodes in GaAs with C_= 0.05 pF have been
s J

used in the current Ka-band mixer. The low parasitic reactances of the

*
AE1 Semiconductors, Lincoln, England.
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diodes and the particular mixer design technique, which permits mounting
of the diodes with essentially no additional parasitic reactances because
matched transmission lines lead directly up to the diode junctions, en-
able a wideband match of the mixer diodes at all ports, A small sapphire
chip across the slotline was used as the only tuning element., In a pro-
duction unit, ‘however, this chip could be replaced by a printed inter-
digital capacitor. "A good match of the diodes 1s important, because mis-
match losses at the RF and IF port add directly to the noise figure. Ex-
cessive mismatch at the LO port reduces the pump power supplied to the
diodes and has a detrimental effect on the noise figure and the dynamic
range of the mixer, Details ahout the diode selection and the design of

the matching network are presented in Section I1I1I-D.

(3l Measured Performance

A final version of the 26,5-t0o+40-GHz mixer was subjected to numerous

tests. A summary of the test results is presented in Table III-1.

Some of the most important results are shown in more detail in the
following figures. Conversion-loss data are presented in Figure I1I-5
for +3 and +6 dBm. Also shown are the noise figures at 39 GHz, A
mechanically tuned Gunn oscillator was used for the noise-figure measure-
ments. The increasing difference in conversion loss above 36 GHz between
the two LO power levels shown is due to increasing loss in the LO path,
which leads to a less-than-sufficient LO drive level at the fixed bias
current of 1.5 mA, Figure 111-6 shows the return loss for the RF and LO
port, The RF-port measurcment is made at +0 dBm and 1,5-mA bias current
(no LO). It demonstrates the excellent match that was achieved over the
full band (10-dB return loss corresponds to a VSWR of 2:1), On the LO
side, the return loss is over most of the band below 6 dB (3:1 VSWR),.

The real part of the LO impedance of one diode is approximately 60 ohms.

Two diodes appear in parallel at the LO port, resulting in a 30-ohm
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TEST RESULTS OF 26.5-T0-40-GHz BALANCED MIXER,

Table

IT1-1

MODEL RBM-1

*
Parameter Test Conditions Value
Conversion loss pLU = +3 dBm 8 dB typical
9.5 dB max
pLO = +6 dBm 7.6 dB typical
8.2 dB max
Noise figure 1.3 dB IF amplifier noise figure| 9.1 dB
) = +6 db
LO +6 dBm
| = 39 GHz
RF
RF~port VSWR <£1.9:1
LO~-port VSWR £3.4:1
IF-port VSWR IIF = 0.1 to 2 GHz <1.,33:1
LO-to-RF 1isolation 25 dB typical
=17 dB
LO AM noise suppression 22 dB typical
Spurious-response
suppression:
Single t
1;g e2 one -39 dB
4 5 3 pRF = =20 dBm >60 dB
* >60 dB
3 x 4
Input 1-dB compression
i presetonles = 36 onz -5 dBm
point RF
Input 3rd-order-
intermodulation {RF = 36 GHz +17 dBm
intercept point
*
P = 43 dBm and 1 = 1.5 mA, unless otherwise noted.

LO BIAS
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