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Chapter 5

Quasi-optical mixers∗

5.1 Introduction

Some of the difficulties that face heterodyne mixers, implemented in conventional
waveguide at frequencies that approach (or exceed) a terahertz, are machining of the
small dimensions and loss in the waveguide. In this Chapter we have a look at a
800 – 950 GHz quasi-optical mixer that was installed at the Caltech Submillimeter
Observatory, Mauna Kea, HI in 2000. As of this writing the instrument is still the
most sensitive of its kind in the world. This is related to the use of a high energy
gap NbTiN superconducting film, rather than niobium (or metallic) film, as part
of the front-end RF matching network. Before proceeding to discuss the all-NbTiN
quasi-optical mixer, we shall first have a closer look in Sec. 5.1.2 at the treatment of
absorption loss, and will discuss ways around it.

5.1.1 Waveguide Loss

From Sec. 4.2.3 we understand that metallic conductors operate in a local state with
lc � δc. The (Ohmic) absorption loss of a fundamental TE10 mode waveguide can
then be related to the skindepth and surface roughness [1, 2] via,

α(ν) =
λo

b · λg

( π ·Ψ
λo · η · σ

)
1
2 ·
[

1 +
(λg

2a

2)

·
(

1 + 2 · b
a

)

]

· 8.686 dB/m. (5.1)

λo is the wavelength in air, a and b the waveguide dimensions, and νc the cutoff
frequency of the waveguide TE10 mode (c/2a). In addition, c is the speed of light, η
the free space impedance (377 Ω), σ the electrical conductivity, and Ψ an efficiency

∗The material described in this chapter has been published in the following papers: J. W. Kooi,
J. Kawamura, J. Chen, G. Chattopadhyay, J. R. Pardo, J. Zmuidzinas, T. G. Phillips, B. Bumble,
J. Stern, and H. G. LeDuc, in Int. J. IR and MM Waves, Vol. 21, No. 9, Sep., (2000),
J. Kawamura, J. Chen, D. Miller, J. W. Kooi, J. Zmuidzinas, B. Bumble, H. G. LeDuc, J. A. and
Stern, Applied Physics Letters, 75, 4013-4015, (1999).
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Figure 5.1: Calculated waveguide loss at 295 K and 4 K. Left) 850 GHz. Right) 1.5 THz. In the
calculations, the efficiency factor Ψ, due to surface roughness in the waveguide is constant (1.5). The
waveguide physical length is 10 mm.

factor to account for surface roughness and anomalous skin effect upon cooling (1.5).
The guide wavelength is obtained from

λg =
λo

√

1− (ν/νc)2
. (5.2)

To see the significance we show in Fig. 5.1 the loss of a 10 mm waveguide at 850 GHz
and 1.5 THz. The physical temperatures of the waveguide are 290 K and 4 K. A
10 mm waveguide run may be considered the minimum practical distance between
an active device and the output port of the mixer block (Fig. 8.7). Ψ is assumed
constant (1.5) under the assumption that in the terahertz regime electro-chemical
techniques allow etching of smooth walled waveguides [3]. More complex structures
will inevitably have higher loss. As a reference, the electrical conductivity for various
metals and alloys is compiled in Table 5.1.

To circumvent the problem of machinability and Ohmic loss, a variety of open
structure mixers have been introduced [4, 5], with the twin-slot mixer [6, 7] the most
popular. To a large extent this is due to the superior optical properties of the double-
slot antenna.

To date the vast majority of all heterodyne quasi-optical mixers are implemented
as single-ended DSB mixers (Sec. 3.2). A notable exception is the dual polarization
twin-slot mixer by Chattopadhyay et al. [8]. Like their waveguide counterparts, open
structure mixers have issues as well. Most notably beam steering, alignment accuracy
between mixer chip and lens, Gaussisity of the beam, astigmatism, variation in beam
divergence (waist), and in the case of log periodic antennas [5] a frequency dependent
polarization. Due to these issues the quasi-optical mixer finds its use mainly above
∼ 800 GHz, where traditional waveguide techniques become either too difficult to
machine or too costly. A noted exception is the superconducting integrated receiver
[9, 10] which utilizes on chip real estate to combine a twin-slot coupled SIS mixer,
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Table 5.1: Electrical conductivity of selected metals and alloys (bulk). The conductivity improvement
upon cooling depends on the purity of the metal. Alloys have therefore a very limited improvement.
Like alloys, thin-films too have less of a conductivity improvement (RRR = σ4K/σ300K = 5–10)
than bulk metals. The reason for this is that σ300K is highly dependent on the quality of the film
deposition.

Material σ295K (107 · S/m) σ4K (107 · S/m)

Ag 6.21 ≤ 104

Au 4.54 ≤ 2500
Al-6063 3.65 ≤ 104

Cu 5.88 ≤ 104

Ni 1.43 ≤ 2500
Brass 1.39 2.326
Constantan 0.190 0.227
CuNi 0.39 0.43
Monel 0.20 3.3
Stainless Steel 0.10 0.125

flux-flow local oscillator, and IF matching circuitry [11].

5.1.2 Absorption loss above the superconducting energy gap

In Sec. 4.1.1 we saw that photons have enough energy to break Cooper-pairs above
the superconducting energy gap (24). This results in a large absorption loss in the
thin-film RF matching network in front of the mixer. To minimize the absorption loss
(calculated to be 50–65 % per wavelength at 850 GHz for niobium) it is important
to keep the RF matching network as simple and short as possible. In Fig. 5.2 we
compare the calculated coupling efficiencies of a radial stub and “end-loaded” stub
(Fig. 4.7) RF matching network, centered at 850 GHz [12, 13].

Although the “end-loaded” stub matching network is successfully used with SIS
devices below the gap frequency, above the gap wiring loss prohibits its use. To include
the effect of loss, we introduce an attenuator in front of the mixer with transmission
tRF at a physical temperature Ta. This is graphically represented in Fig. 5.3. In this
way the lossless Tucker analysis [14] described in Chap. 4 can be applied.

The actual superconducting loss in the thin-film microstrip RF matching network
is determined by the surface impedance, which for a superconductor is obtained from
measuring the normal state dc conductivity just above the gap, and by solving the
Mattis-Bardeen theory in the local limit (Sec. 4.2.5). With the complex conductivity
known, the actual superconducting microstrip properties can then be calculated [15,
16, 17].

If Rl is the Ohmic loss in the RF matching network microstrip transmission
line, then the shunt conductance in parallel with the RF junction admittance YRF

(Eq. 4.43) is found to have the form

Gp =
1

Rl(1 + Q2
L)

. (5.3)
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Figure 5.2: Coupling efficiency calculations assuming a conjugate matched “radial” and “end-loaded”
stub RF matching network. Overlaid is the calculated efficiency from measured heterodyne data
(dashed line) [18]. The loss in the RF choke structure and “Bowtie” antenna are not included in the
simulated result. Material is niobium.

Gp represents a loss factor in parallel with YRF (Fig. 5.2) and QL the quality factor
of a lossy transmission line, as defined by Eq. 4.81. As seen in Sec. 4.1, and Fig. 4.4d
in particular, optimal mixer conversion gain is typically achieved with the junction
quantum susceptance BRF ∼ 0, and the parasitic junction capacitance tuned out
by the RF matching network. In this case, GRF ∼ YRF . For frequencies above the
gap GRF is slightly less than Gn, the junction normal state conductance. Since in
our case, Q2

L � 1 Eq. 5.3 simplifies to

Gp '
B2

ms

Gl
, (5.4)

with Bms the shunt susceptance of the inductive transmission line. Under this con-
dition tRF of Fig. 5.3 may be obtained from

tRF =
GRF

GRF + Gp
. (5.5)

Several important observations can now be made: Power coupled to the junc-
tion is maximized by employing small area devices which decrease the transmission
line susceptance Bms. Second, loss in the RF matching network can be reduced

T load

Attenuator

Ta , trf t
rf T load. + (1-trf )TaT load

* =

Figure 5.3: RF attenuator port model in front of the mixer. Ta is the physical temperature of the
attenuator. The attenuator takes into account the front-end optics loss and absorption loss in the
niobium film of the tuning circuit.
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Figure 5.4: Left) 1000× photograph of the junction on silicon membrane. The transmission line
length is 2.5 µm on 450 nm SiO and terminates in a radial stub with a fan angle of 70 degrees. The
junction size in the center of the “Bowtie” antenna is 0.55 µm on a side. Right) 12COJ=7→6 (807
GHz) and detected atomic carbon, CI 3P2 → 3P1 (809 GHz) in the Orion Bar region, at the Caltech
Submillimeter Observatory. System temperature and total integration time were ∼ 4400 K and 47
minutes respectively. The main beam efficiency measured on Mars (10′′ diameter) was 33 %, with
an approximate zenith atmospheric transmissions of 40 %.

by maximizing the SiO insulating layer thickness to transmission line width ratio
(Rl minimized). In our case we have opted for an insulator thickness of 450 nm,
which is a standard process in the JPL-MDL junction fabrication process. Lastly, by
employing high current density devices (Chaps. 7 & 8) we increase GRF , via Gn, and
thus increase the fraction of power coupled to the SIS device [19, 20].

In Fig. 5.4 we show a close-up of an all niobium radial probe RF matching net-
work/SIS junction on a 1 µm thick silicon-nitride membrane with an AlOx barrier [18].
This device formed a first step towards integrated array receivers (Chap. 9). It was
installed at the CSO in 1997, and replaced in 2000 with the more sensitive all NbTiN
quasi-optical mixer. The details of the all NbTiN quasi-optical mixer are discussed in
the remainder of the Chapter. It is interesting to observe that a radial stub matching
network has a relative narrow instantaneous bandwidth below the superconducting
energy gap while above it the frequency response is broadened by the dispersive loss
in the superconducting film.

An alternative to the use of superconducting transmission lines are normal metals
such as gold (Au) or Aluminum (Al) [21, 22]. It is however required that any metals
employed are compatible with the SIS fabrication process. Even though pure Au
and Al conductivity improves by a factor of 5–10 when cooled to 4 K, these metals
exhibit high loss when compared to an ideal superconductor, such as niobium. Above
800 GHz however the loss of Au/Al transmission lines becomes less than that of
niobium (≈ 40 % loss per wavelength). The same is true for NbTiN at ν > 1100 GHz,
as shown in Fig. 5.5, and as obtained from the discussion in Sec. 4.2.4. It is also
possible to use high current density (AlN-barrier) tunnel junctions to reduce the loss
in normal metal transmission lines. This technique has been successfully applied by
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Figure 5.5: RF loss of a 5 µm microstrip transmission line made of three different materials. SiO
substrate thickness is 400 nm, dielectric constant 5.6, substrate loss tangent 0.0015, and film thickness
300 nm. Nb has a Tc = 9.2 K, Vgap=2.8 mV, and ρn=5 µΩ-cm. The NbTiN properties are
Tc=15.3 K, Vgap=4.4 mV, and ρn=80 µΩ-cm. The room temperature resistivity of the Al film is
2.45 µΩ-cm. For details on the surface impedance calculation in the extreme anomalous, or local
limit we refer to Sec. 4.2.

Karpov it et al. in the HIFI mixer band 5 design [20].

In the remainder of the Chapter we focus on the use of NbTiN to mitigate film
loss above ∼ 680 GHz. As of this writing, the mixer remains the most sensitive of
its kind in the 800 – 920 GHz frequency range. Fig. 5.5 shows the material loss for
a variety of films. It is clear that NbTiN is a very promising material, even in the
presence of moderate surface resistance [23].

5.2 Physical implementation of a 850 GHz twin-slot

mixer

In Fig. 5.6 we show the layout of the 850 GHz AlN-barrier twin-slot junction. The
quasi-optical mixer uses an extended hyper-hemispherical or elliptical lens [24] to
couple the incoming radiation to a double-slot antenna. Here we describe a mixer
that was installed at the CSO [25] in 2000 to cover the 800 – 920 GHz atmospheric
window.

The twin-slot antenna (Zmuidzinas et al .) [6, 26] works by generating a voltage that
is 180 degrees out of phase due to symmetry (inset Fig. 5.6). This sets up a virtual
ground in the center of the tuning structure. The junction capacitance is tuned out
by the shunt inductance of the microstrip line connecting the two junctions (D/2).
At very high frequencies, the tuning inductor (D/2) becomes very small [27] and
any kinetic inductance presented by the SIS junctions becomes proportionally more
significant. To circumvent this problem, we introduced in 2000 “long” e-beam (sub-
micron) junctions. For the HEB mixers, discussed in Sec. 4.3, tuning out of device
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Figure 5.6: Twin-slot antenna with a NbTiN wire layer (top) and ground (bottom) layer. The actual
SIS junctions are made of Nb with an AlN tunnel barrier. Device details in table 5.2.

capacitance is not an issue. This is an advantage of HEB mixers over SIS mixers
in that these devices have a planar geometry (Fig. 4.23) with very little parasitic
capacitance.

In the twin-slot design of Fig. 5.6 the IF output is coplanar-waveguide (CPW), with
the slot antennas terminated by a open-ended microstrip line. Both serve to minimize
parasitic capacitance, which is important if the IF bandwidth is to be maximized.

5.3 Optics

In 1993 Filipovic et. al. published a comprehensive paper [24] on the far-field patterns
and Gaussian coupling efficiencies of double-slot antennae placed on hemispherical
lenses with different radii (R) and extension length (L). In the original twin-slot
mixer [7, 27] the L/R ratio was 0.291, which is the hyper-hemispherical position.
This L/R ratio produces a fast f/2.5 beam at the e−2 power contour. To match
the f/4.2 optics of the telescope [25] we required a L/R ratio of 0.335. Note that
with the twin slot antenna located in an elliptical focus position, a collimated beam
is obtained.

The lens diameter was chosen 6.35 mm (0.25 inches) which minimizes the virtual
waist distance. It was also the smallest practical size possible, especially when the
criticality of the SIS chip alignment to the extended hemispherical lens is considered.
The maximum theoretical Gaussian coupling efficiency of L/R = 0.335 turns out to be
slightly worse (5 %) than with the original L/R = 0.291. This tradeoff was considered
acceptable in light of the fact that the successful cooled optics scheme of the 850 GHz
waveguide mixer (Si3N4 membrane with Nb/AlOx/Nb junction [18], Sec. 9.2) could
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mixer block with a L/R ratio of 0.335 and 12.7 mm diameter silicon lens. The virtual focus is
≈ 17.8 mm behind the planar twin-slot antenna. The lens material is high resisitivity silicon, and
has been antireflection coated to minimize loss.

now be re-implemented for the twin-slot NbTiN mixer. Fig. 5.7 shows the mixer block
and a graphical representation.

5.4 Nb/AlN/NbTiN SIS junction with NbTiN wire
layers

The 800 – 920 GHz frequency band lies entirely above the superconducting energy
gap of niobium (690 GHz), a commonly used superconductor for SIS junctions (Chap.
4). To prevent large absorption loss in the ground plane and wire layers, NbTiN

Table 5.2: Device parameters

Parameter Range

RnA 20 Ω-µm2

Junction area 0.25 µm x 2.6 µm
Wiring thickness 250 nm
Ground-plane thickness 300 nm
SiO dielectric thickness 400 nm
SiO dielectric constant 5.6
Tanδ SiO 0.0015
NbTiN film properties ρn = 80 µΩ-cm

λ = 230 nm
Tc = 15.3 K

Nb film properties ρn = 5 µΩ-cm
λ = 80 nm
Tc = 9.2 K

Specific capacitance AlNx 85 fF/µm2
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bandwidth of the NbTiN/AlN/NbTiN tunnel junction with NbTiN thin-film wire layer & ground
plane is ∼ 130 GHz, which agrees well with the measured heterodyne response presented in Fig. 5.9.
MgO barriers have large specific capacitance (140 fF/µm2), and thus exhibit narrower bandwidth
the AlN barrier SIS junctions. Note that moderate current density (Jc=10 kA/cm2) SIS junctions
were employed in the designs of this chapter. The higher current density junctions of Chap. 7 & 8
provide ∼ 180 GHz of instantaneous RF bandwidth.

was utilized for the first time. In the described design the actual SIS junctions were
fabricated with an AlN tunnel barrier, Nb top electrode, and NbTiN counter electrode.
Even today, the performance and material composition of this device remains unique.
The reason for this is that it has proven very difficult to grow a high quality (low
temperature) epitaxial NbTiN wire (top) layer without degrading the quality of the
SIS junction. Similar devices used in HIFI mixer bands 3, 4, and 5 all use an Al
wire layer as substitute [19, 28]. The material and device parameters are shown in
Table 5.2.

Heterodyne and extensive direct detection measurements with a Fourier Trans-
form Spectrometer (FTS), indicate that NbTiN films have a low surface resisitivity,
about 0.1 Ω/� at 600 GHz or less. The details of the fabrication process, the FTS
measurement results, and actual device parameters are presented in a publication
by Kawamura et al. [29]. The junctions used for this work have a critical current
density of 10 kA/cm2. The measured leakage current in the junction [30] at 2 mV
is 7.4 µA. This corresponds to a Rsubgap to Rn ratio of 15. Being a hybrid junction,
the energy gap was expected to be at 4 mV (∆Nb + ∆NbTiN ), however the actual
measured gap voltage is 3.2 mV (2∆/h ≈ 800 GHz). The most plausible explanation
is that the NbTiN counter electrode, in the vicinity of the barrier, is of poor quality.
In Fig. 5.8 we show circuit simulations of twin-slot mixers with a variety of material
compositions.
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Figure 5.9: Top: 800 GHz and 900 GHz heterodyne response. Bottom: Receiver sensitivity of the
all NbTiN twin-slot open structure receiver as measured at the Caltech Submillimeter Observatory
(CSO). All results are with a 1 – 2 GHz IF.

5.5 Performance

Fig. 5.9 shows the heterodyne response at 800 GHz and 900 GHz as measured at
the Caltech Submillimeter Observatory (CSO). These results are obtained with an
all NbTiN wire and ground layer, and twin Nb/AlN/NbTiN SIS junctions. Note how
with increasing frequency the width of the photon step decreases. This is indeed
expected for frequencies above 2∆ (800 GHz), as the photon step from the negative
bias side partially cancels the photon step from the positive bias side (Vgap – hν/e =
-0.4 mV at 900 GHz). The optimal bias condition across the entire frequency band
is 2.10 mV. The LO pump current is ∼ Ic/3 or 40 µA, Ic being the critical current of
the junction.

The improvement over the in 1997 installed all-niobium waveguide receiver [18]
is primarily due to the decrease in NbTiN wire layer and ground plane transmission
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Table 5.3: Measured and calculated receiver parameters at Vsis = 2.10 mV. Results presented are
with a 1 – 2 GHz intermediate frequency.

Parameters 800 GHz Data 900 GHz Data

Trec (K) DSB 205 410
Topt (K) 70 100
TIF (K) 22 41
tRF ·GDSB

mix (dB) -7.2 -9.9
Tmix (K) 43 55
hν/k (K) 38 43
TLNA (K) † 4.2 ± 0.3 4.2 ± 0.3
Γbeamsplitter (%) 14 18
Zp (Ω) 129 80.5
Rn (Ω) 17.8 17.8
ZIF (Ω) 90 90

† Measured

line loss (∼5 dB). Note that the front-end optics and IF configurations are identical
between the two systems! In the text all noise temperatures are calculated using
the Callen & Welton defined blackbody radiation temperature [31, 32]. The receiver
and mixer properties are summarized in Table 5.3. Optics loss is derived from the
intersecting line technique, described by Blundell [33], Ke, and Feldman [34] et al.

tRF ·GDSB
mix is the total mixer conversion gain which includes optics loss in front of

the mixer. Tmix is the mixer noise temperature (referred to the input): (Trec - Topt

- TIF ) · (tRF GDSB
mix ), and TIF the total IF noise contribution. TLNA is the actual

measured noise temperature of the low noise amplifier directly following the mixer.
Zp is the subgap differential resistance obtained from the LO pumped IV curve and
is needed to take reflection loss in the shot noise calculations into account. The IF
matching network presents a 90 Ω impedance to IF output port of the mixer. As of
the writing of this thesis this receiver remains the most sensitive every build in this
frequency range.

5.6 Astronomical observations

Among the first observations [35] carried out with the new receiver we performed
10′′ resolution maps of two contiguous HDO transitions: JKa,Kb = 21,2 → 11,1 at
848.9619 GHz, and JKa,Kb = 11,1 → 00,0 at 893.6387 GHz towards Orion IRc2.
The weather conditions during the observing runs (January and March 2000) were
excellent and provided average zenith transmissions above Mauna Kea as high as
∼ 38.5 % (849 GHz) and∼ 42 % (886 GHz). This resulted in SSB system temperatures
at 849 GHz as low as 1700 K at the elevation of the source (70 deg) at the beginning
of the observations. Integration time for each point was 3 minutes.
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Figure 5.10: First Detection of HDO(21,2 → 11,1) and HDO(11,1 → 00,0) in Orion-IRc2.

The observations show a compact source for both HDO lines (∼ 45′′). The data
have been modeled using the same LVG model previously used by Cernicharo [36] et
al. for their analysis of the emission of H2O at 183.31 GHz and 325.15 GHz (this
last line observed also at the CSO) towards the same source. These two H2O lines
have a maser nature in Orion IRc2, so the newly observed (thermal) HDO lines place
better constraints on the density, temperature, and H2O abundance estimates of the
emitting regions.

5.7 Summary

A 850 GHz quasi-optical receiver has been presented. It was installed at the Cal-
tech Submillimeter Observatory [25] in 2000. To circumvent absorption loss in the
superconducting film, due to the braking of Cooper pairs, the junction uses NbTiN
wiring with an AlN tunnel barrier for the first time. This technological feat provides
for a record heterodyne sensitivity in the 350 µm atmospheric window. A method
for dealing with the absorption loss in front of the mixer is presented. HIFI mixers
bands 3, 4, and 5 have all benefited from the development presented in this Chapter.
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