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Abstract

Wth noise tenperatures of SIS receivers now in the range 2-4 tinmes the

photon tenperature (hf/k), the overall sensitivity of radio astronony
nmeasurenents can be seriously degraded by atnospheric noise, and sonetines by
noise from the local oscillator source. In spectral line neasurenents,

at nospheric noise in the unwanted (inmage) sideband can be elimnated by using an
i mage separating schene. To reduce |ocal oscillator noise, balanced m xers can
be used.

It is possible to realize inmage separating and bal anced m xers using
quasi opti cal or waveguide RF circuits, but they are difficult to fabricate and
bul ky. W believe it is now practical to include the necessary signal and LO
power dividers, couplers, and cold loads with the SIS m xer on the same quartz
substrate. The conplete inmage separating or bal anced nmixer can be fabricated
using a standard ni obium SIS m xer fabrication process with one or two additiona
| ayers.

We describe the design of single-chip balanced and i nage separating m xers
for 200-300 GHz. The circuits are designed using a nodified form of copl anar
transmi ssion |ine which has a conveni ent range of characteristic i npedances whil e
m nimzing coupling to adjacent circuit elenments. It is hoped ultimately to
conbine the inmage separating and bal anced designs to nmake a bal anced i mage
separating mxer on a single chip
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The Virtues of Inage Separating M xers

VWi le nmost mxer receivers respond to both upper and |ower sidebands, the
majority of applications require only a single sideband response. Signals and
noi se received in the unwanted (inmmge) sideband degrade the overall system
sensitivity. At the NRAO 12-mtel escope at Kitt Peak in Arizona, the antenna
tenperature at the zenith is typically 60 K at 230 GHz. In spectral line
nmeasurenents with a doubl e-si deband SIS receiver, the inmage noise contributes
~30% of the overall systemnoise, thereby doubling the integration tinme required
to attain a given sensitivity.

There are three ways to elinmnate the image response of a broadband m xer
receiver: (i) Afilter can be inserted in front of the m xer, which term nates
the mixer reactively at the image frequency. This is difficult in widely tunable
receivers. (ii) A tunable four-port diplexer with a cold image termination can

be wused. This can be done quasioptically, e.g., using a Martin-Puplett
interferoneter as a sideband diplexer, but has alimted IF fractional bandw th
and is cunmbersone at nmillineter wavel engths. (iii) A phasing type of imge
separation m xer can be used, as will be discussed bel ow.

Types of | nnge Separating M xer

At mcrowave frequencies, the usual realization of an inage separating m xer,
shown in Fig. 1, uses a quadrature hybrid to couple the LO to two identical
(bal anced) mnixers with a n/2 phase difference. The signal power is divided
equal |y between the mxers with zero phase difference, and the IF outputs of the
two mixers are connected to an | F quadrature hybrid. The down-converted upper
and | ower sideband signals appear seperately at the two output ports of the IF
hybri d. The in-phase and /2 couplers in the signal and LO paths can be
i nterchanged wi thout | osing i mage separation.
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Fig. 1. Acommon configuration for an image separating mixer, consisting of LO and IF quadrature hybrids, and
an RF in-phase power splitter.

A 100 GHz inmmge separating mxer, using a waveguide magic-T and an adjustabl e
phase shifter in the LOpath to one m xer, has been described in [1], see Fig. 2.
At shorter wavel engths, the signal and LO phasing can be done quasi-optically,
as described in [1] and [2]. A quasi-optical image separating schene is shown
in Fig. 3, in which a crossed-grid power splitter [3] acts as an in-phase beam
splitter for the input signal, and splits the circularly polarized LO beaminto
two linearly polarized beans with /2 phase difference. Inclined-grid couplers
couple typically 1% of the LO power into each mixer, with 99% of the signal.
Even at 250 GHz, such a quasi-optical schenme is physically cunbersone, and
requires a large cryostat if several receivers are to be attached to the sane
refrigerator.
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Fig. 2. The 100 GHz image separating Fig.3 A possible quasi-optical image separating mixer using
mixer of [1] based on a waveguide a 45° signal polarization selector, a crossed-grid signal and
magic-T. LO splitter, and inclined-grid LO couplers.
It is inportant to note that, in all imge separating mxers, noise fromthe

termnation on the fourth port of the signal input coupler is down-converted and
appears at the |IF output ports.

In the present work, a schene simlar to that of Fig. 1 is used, but with the
signal and LO ports interchanged, so the signal enters through a quadrature
hybrid, and the LO through an in-phase power splitter. The RF quadrature hybrid,
LO power divider, LO couplers, and SIS mxers are all fabricated on the sane
quartz substrate

Choice of Transm ssion Line Medium

To avoid the need for very thin quartz substrates, the circuit is designed wth
thin-filmground plane, dielectric layer, and wi ring-layer conductors all on the
sane side of a thick quartz substrate. The dinensi ons of coplanar transm ssion
lines are kept substantially smaller than the substrate thickness to prevent the
fields penetrating appreciably through the substrate.

The extermal RF source and |IF l|oad inpedances are near 50 ohns. The
characteristic inpedances required in the RF quadrature hybrid and the natching
circuit of the SIS mixer range from3 to 116 ohms. The |ower values are readily
obt ai ned with superconducting mcrostrip lines, while coplanar wavegui de (CPW

can be used for the higher inpedances. |In the range fromabout 10 to 60 ohns,
mcrostrip lines with thin-film dielectrics are too narrow to use, while CPW
requires very narrow gaps between center conductor and ground plane. We

therefore lower the characteristic i npedance of CPWby using periodic capacitive
| oadi ng.



A capacitively | oaded copl anar wavegui de (CLCPW can be regarded as a standard
CPWw th periodic capacitors to ground. The equivalent circuit of a section of
CLCPWis shown in Fig. 4; with 570 nm Si O, the characteristic inpedance of this
CLCPWis 63 ohns. For the CLCPWs used in this work, simulation using Sonnet em
[4] indicates that the inductors L; and L, can be ignored if the reference plane
is chosen at the center of the bridge, as shown.

Addi tional inmportant advantages of CLCPWover standard CPWare that the periodic
capacitors act as ground bridges, and: (i) greatly reduce coupling between
adj acent components, and (ii), prevent odd-nopde gap resonances in | ong CPWIi nes.
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Fig. 4. A length of capacitively loaded coplanar waveguide (CLCPW), and equivalent circuit. Dimensions are
in microns.

An Integrated I nage Separating SIS M xer for 200-300 Gz

The mixer is on a 2 x 1 nmaquartz substrate, mounted in a block with separate
wavegui de inputs for the signal and LO as shown in Fig. 5. Coupling fromthe
wavegui de to the m xer substrate is by broadband probes and suspended-stripline

on smaller quartz substrates. Connections between the probes and the main
substrate are by thin Au ribbon. | F and bias connections are by short wire
bonds.

Signal input DC/IF bonding pad LO input

waveguide waveguide

0.037" x 0.0185" 0.037" x 0.0185"

W
.
[T .

%

ppE—
Suspended tMGm substrate
substrate
S 2.0 x 1.0 mm
stripline

Fig. 5. The image separating mixer, showing the signal and LO waveguides, suspended stripline coupling
probes, and the main substrate.
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Fig. 6. Main substrate of the image separating mixer, showing the main components.

An enl arged view of the substrate is shown in Fig. 6. The main conponents are:
(i) a 3 dB quadrature hybrid at the signal input, (ii) a 17 dB LO injection
coupler in front of each mxer, (iii) an in-phase power splitter in the LO path
and (iv) two SIS nmixers. Noise fromthe resistive termnation on the fourth port
of the input hybrid is downconverted to appear at the |IF output ports of the
m xer .

Anplitude & Phase Requiremnments

The image rejection obtainable in the inmage separating m xer depends on the
anpl i tude and phase bal ance of the two quadrature hybrids and the mxers. The
signal flow through the circuit is depicted in Fig. 7. The quantities cq, cCy,
and tq, t,, are the coupled port and through port scattering paraneters (s,; and
S37) of the input hybrid (cq, tq) and IF output hybrid (c,, t5). Using the
notation in the figure, the anplitudes at IF ports A and B are:

cq,t c,,t
VoV e (v ) ~ oVuterv 22
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Fig. 7. Signal flow through the image separating mixer. For simplicity, the mixers are assumed to have unit
conversion gain. V(; and V| are the complex amplitudes of the incident USB and LSB signals.
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that the image rejection depends on the deviation of |c/t] fromunity, and the
devi ation of arg(c/t) from-n/2, in the two hybrids. (If the m xers have unequa
conversion | oss, the difference can be included in cq; and t;.)
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In the ideal case, t, =t = 1 and ¢, =c, = —-e

1 2= 75 2 = , and perfect inmge rejection

results, with V’A:VUeiJ2 and V, =V,. Wth non-ideal hybrids, the worst-case

imge rejection is plotted in Fig. 8 as a function of anplitude inbal ance and
phase inbal ance. The anplitude and phase inbal ance are the conbi ned quantities
(sum of magnitudes) for the two couplers and mixers. Fromthe figure it is clear
that to ensure 20 dB inmge rejection, the anplitude inbalance (for the whole
circuit) nust be < 1.7 dB or the phase inbalance < 12°. For 10 dB i mage
rejection, the anplitude inbal ance nust be < 5.7 dB or the phase inbal ance
< 35°. The surprisingly large allowable asynmetry is a result of dealing with
suns and differences of conplex anplitudes, rather than powers.
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Fig. 8. Image rejection as functions of amplitude and phase imbalance for an image separating mixer.



Description of the Conponents

| nput Quadrature Hybrid

Branchline directional couplers have been used for nmany years in stripline,
mcrostrip, and waveguide circuits, and their design is well documented [5].
Wthin the design frequency band, the anplitude and phase variation decrease as
the nunber of branches in the coupler increases, but the branch characteristic
i npedances increase. To keep the characteristic inpedances in a suitable range,
a three branch design was used, which for a 50-ohm noninal inpedance requires
sections with inpedances 39, 47, and 116 ohnms. For the frequency range 200-300
GHz, it is theoretically possible to obtain anplitude tracking within 1.2 dB, and
phase tracking within 1.2° from 90°.

To realize a branchline coupler in CLCPW Sonnet emwas used to characterize the
i ndi vi dual conponents (CPWsections, CLCPWbridges, and T-junctions), then MM CAD
[6] was used to optim ze the design. Finally emwas used to anal yse the whol e
coupler. The hybrid is shown in Fig. 9. A 1000 x scale nodel was built and
neasured with a vector network anal yser. Fig. 10 shows the predicted perfornmance
of the optim zed MM CAD design. Fig. 11 shows the results of the em anal ysis of
the conplete hybrid, and Fig. 12 shows the results neasured on the 1000 x scal e
nodel .
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Fig. 9. Quadrature hybrid, including a matched termination in the lower left corner.

The obvious differences between the MM CAD and Sonnet em sinulations are
attributed to coupling beyond adjacent conponents of the circuit. Very close
agreenment is seen between the Sonnet em sinulations and the results neasured on
the scal e nodel .

LO Coupl ers

The LO coupl ers use two parallel CLCPWs with periodic capacitive coupling strips
between the lines, as shown in Fig. 13. Agai n, equivalent circuits for
i ndi vi dual sections of the coupler were deduced using Sonnet emand MM CAD. The



design was optim zed using MM CAD, and the final design checked using em Fig.
14 shows the emresults for the the final design. The coupling varies from19-15
dB over the 200-300 GHz band, while the input return loss > 28 dB and the
directivity > 9 dB.
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Fig. 10. S-parameters of the quadrature hybrid after optimization of the circuit model.
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Fig. 11. S-parameters of the quadrature hybrid from Sonnet em simulation.
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Fig. 12. S-parameters of the 1000 x scale model of the quadrature hybrid.
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LO Power Splitter

The LO power-splitter, shown in Fig. 15, is based on the standard WI ki nson
configuration, and was al so desi gned usi ng Sonnet emand MM CAD. Ideally this
type of circuit requires a lunped resistor connected between the output ports to
absorb the difference signals between those ports. The 100-ohmresistor in the
present design is not electrically short, which accounts for the relatively poor
out put match and isolation, shown in Fig. 16. The input return |loss and
isolation are > 16 dB, while the output return loss > 13 dB from 200-300 GHz.
The critical parameters, equal phase and anplitude at the output ports, are
assured by the symmetry of the circuit.
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Fig. 15. The LO power splitter. Fig.16. S-parameters of the power splitter from
Sonnet em simulation.
The Case for Bal anced M xers
The LO power is usually coupled into a nmillinmeter-wave SIS nixer using a
di rectional coupler or beamsplitter. |If the signal path loss through the LO
coupler is to be kept snmall, the LOIloss nust be substantial, and is typically
15-20 dB. In addition to wasting nost of the LO power, noise fromthe LO source

in the signal and i mage bands is coupled into the m xer. Depending on the nature
of the LO source, its (sideband) noise tenperature nmay be room tenperature or
higher. If the LO source has an effective noise tenperature of 300 K at the
si deband frequencies, then a 15-20 dB beam splitter will contribute 10-3 K in
each sideband at the input of the mxer, which may be conparable with the
intrinsic noise tenperature of the receiver itself. W have observed with sone
LO sources a considerably higher excess sideband noise; some frequency
multipliers in the 200-300 GHz range have been observed to contribute as nmuch as
50 K of sideband noise at the input of the m xer.

A bal anced mi xer elimnates both these shortcomings. It has a separate LO port
with efficient coupling (but two mxers to drive), so the required LO power is



reduced by 12-17 dB relative to the sinmple single-ended mxer. Sideband noi se
is reduced by an anount dependent on the accuracy of the 180° phase shift and
anpl i tude bal ance through the m xer

Types of Bal anced M xer

Many types of bal anced m xer exist. The nost common at radio frequencies is the
transformer type. |In waveguide, the magic-T bal anced mi xer, was once conmon,
although it has now largely been replaced by the planar hybrid-ring and
quadrature hybrid types. The circuit of the quadrature hybrid type is shown in
Fig. 17. The signal and LO are coupled to the individual mxers through the
quadrature hybrid. A 180° I F hybrid conbines |F output of the two m xers so that
all the down-converted signal appears at one output port, and all the LO sideband
noi se appears at the other (a conveni ent schene for measuring LO si deband noi se).
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Fig. 17. Circuit of a balanced mixer consisting of a quadrature hybrid, an identical pair of simple mixers, and
a 180° IF hybrid.

Anpl i tude and Phase Requirenents

The isolation of a bal anced mi xer depends on the anplitude and phase bal ance of
the conponents. The signal flow through the mixer is indicated in Fig. 17, where
the mi xers are assuned for convenience to have unit conversion gain. Using an
analysis simlar to that used above in the case of the i nage separating m xer
it is possible to calculate the worst-case isolation for given anplitude and
phase uncertainties in the conponents. The results are approxi mately the sane
as shown in Fig. 8 for the image rejection of the inage separating mxer. 1In the
case of the balanced m xer, the vertical axes in Fig. 8 give the isolation in dB,
the anplitude inbal ance is the signal path inbal ance, and the phase inbalance is
(twice the phase inbal ance of the quadrature hybrid) + (the phase inbal ance of
the isolated port of the 180° hybrid). |If the m xers have unequal conversion
| oss, the difference can be included in c andt. FromFig. 8 it is clear that
to ensure 20 dB image rejection, the anplitude inbal ance must be < 1.7 dB or the
phase inbal ance < 12°. For 10 dB i nage rejection, the anplitude inbal ance mnust
be < 5.7 dB or the phase inbalance < 35°. Again, the surprisingly |large
al l onabl e asymetry is a result of dealing with suns and differences of conpl ex
anpl i tudes rather than powers.



A Bal anced M xer for 200-300 GHz

A bal anced m xer is considerably sinpler than an i mage separating m xer, and can
be designed using the sane quadrature hybrid and SIS mixers. As no resistive
term nations are required on the substrate, fabrication is also | ess conpl ex.
Fig. 18 shows a bal anced m xer which uses the conponents described earlier in

this paper.
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Fig. 18. Main substrate of the balanced mixer, showing the quadrature hybrid and two SIS mixers.

Di scussi on

It is apparent that construction of single-chip inage separating and bal anced SI S

m xers is now practical. There has been sone concern that the tol erances on
critical parameters in today's Nbo foundries may not be good enough for circuits
of this conplexity. However, by far the nobst critical conponents in these

circuits are the SIS junctions and their imediate matching circuits; if these
can be made sufficiently reproduci bly, which appears now to be the case, then we
can expect an acceptable yield of the nore conplex circuits. 1t is not known yet
whet her the relatively large area of each circuit will increase the probability
of a significant fabrication defect in any given nmixer to an unacceptabl e |evel.
Consi dering the phenonenally | ow defect rate in the Si nmicrocircuit industry,
this should not be a fundanental linitation.

If the inmage separating mixer turns out to be practical, it is only a snmall
additional step to use balanced mixers within the image separating mxer — a
bal anced i nage separating mxer. This will be relatively i mune to LO noi se, and
will require a LO power level 14 dB lower than a single sinple SIS m xer using
a 20 dB LO coupler.
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