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Some context first:
Semiconducting low-noise amplifiers

Transistor-based cryogenic amplifiers for  
low-temperature measurements:

InP HFET (HEMT), SiGe bipolar

The good:
• Broad frequency band
• High dynamic range (~ -45 dBm for LNF 4-8 GHz)

(good for readout of ~ 1000 MKID pixels)
• High gain (30-40 dB)
• Suitable for readout of multiplexed detector arrays (for 

imaging or spectroscopy)

The not-so-good:
• Noise limited to  ⪞ 5 × h"/k = 2.5 K (@10 GHz)  
• Moderate power dissipation (~ 5-10 mW)
• Not compatible for integration with superconducting 

electronics
• Main noise limiting component in most detector 

readout systems.

0.5-4 GHz SiGe, Weinreb
(Caltech)
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the very large baseline array (VLBA) [38], [69]. Typical
characteristics of a NRAO-designed amplifier devel-
oped in 1991, its gain and noise performance, and a
comparison between measured and modeled results
are shown in Figures 11 and 12. A photograph of a com-
pleted amplifier having WR22 waveguide input and
output is shown in Figure 13.

Since 1991, the pseudomorphic AlGaAs/InGaAs/
GaAs HFETs have replaced conventional AlGaAs/
GaAs HFETs in all commercial low-noise applications.
However, these devices also suffer from a similar lack
of repeatability of performance at cryogenic tempera-
tures, as was the case with conventional HFETs. For
example, the best noise performance at that time,
measured at 40 GHz using 0.1-µm pseudomorphic-
HFETs, was about 20 K [38], but it was not uncommon
to measure twice this number for devices with very
similar room-temperature performance (Tn ∼= 200 K)
from other manufacturers.

InP HFETs at Cryogenic Temperatures
A promise of excellent microwave performance from
an AlInAs/InGaAs/InP HFET, usually referred to as
InP HFET, was demonstrated in 1987 [70]. Two years
later, Mishra and colleagues at the Hughes Research
Laboratories, incorporating the technology of 0.1-
µm-long mushroom T-gates and AlInAs/InGaAs/
InP wafer structure, shattered records for low-noise
performance at room temperature [71]. They demon-
strated a noise figure of 0.9 dB (67 K noise tempera-
ture) at 63 GHz. Several laboratories in 1990 and 1991
demonstrated similar results and as little as 1.2-dB
noise figure (93 K noise tem-
perature) at 94 GHz [72]–[74].
In 1991, the author predicted
the behavior of noise perfor-
mance of these InP HFETs
versus temperature [38]. It
was possible by combining
the knowledge of an equiva-
lent circuit of a state-of-the-art
InP HFET with the knowl-
edge of equivalent gate and
drain temperatures versus
temperature and current
gained from evaluation of
pseudomorphic HFETs with
0.1-µm gate length (which
was at that time routinely
used at NRAO). The results
were published in [38] in the
form of graphs of minimum
noise measure versus fre-
quency expected of InP
HFETs at different cryogenic
temperatures. The minimum
noise measure of a device

determines the minimum possible noise temperature
that can be exhibited by an amplifier with sufficient-
ly large gain using this device. The results of this cal-
culation, done in 1991, are shown in Figure 14. The
prediction of attainable noise temperatures at cryo-
genic temperatures for InP HFET amplifiers has held
up remarkably well over the last decade. Some recent
experimental results were included in this figure to
illustrate this point.

Generally, InP HFETs at cryogenic temperatures are
much less sensitive to illumination than conventional
HFETs. These devices do not seem to exhibit any mem-
ory at cryogenic temperatures if not illuminated. The
unrepeatable noise performance at cryogenic tempera-
tures can usually be traced to the behavior at pinch-off

Figure 18. Photograph of W-band MAP amplifier with
cover removed.

25 mm
W-20

Figure 19. A comparison of measured gain and noise characteristics of a K-band amplifier
with model prediction at room temperature. Measured noise temperature includes the con-
tribution of pyramidal horn and receiver (Tr = 2,000 K).
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in the similar way as it was discussed for convention-
al devices and/or to the presence of gate leakage. For
InP HFETs, the gate leakage at room temperature is of
the order of several microamperes and for good
devices decreases at cryogenic temperatures by at least
an order of magnitude. However, if the gate current of
the order of several microamperes is still present at
cryogenic temperatures, it can greatly influence the
cryogenic noise performance to the point that it may
completely erase any advantage that an InP HFET may
have over a conventional or pseudomorphic device.
An illustration of this observation is shown in Figure
15, which shows a comparison of the minimum noise
measure of 80-µm-wide devices [69] computed with
and without the presence of gate-leakage current. For

the model, it was assumed that
the noise influence of the gate
leakage could be represented
by an ideal shot noise current
source.

Current knowledge about
noise and signal models of
“well-behaved” InP HFETs at
cryogenic temperatures is suffi-
ciently accurate to allow for
computer-aided design of cryo-
genic amplifiers with optimal—
according to some criterion—
noise bandwidth performance.
Usually an amplifier has to sat-
isfy other requirements, such as
input return loss, unconditional
stability, and minimum gain
and gain flatness, etc. All of
these parameters can now be
reliably investigated using
CAD tools.

An example of noise and
gain characteristics and a com-
parison with model prediction

for a room-temperature InP HFET, six-stage, W-band
amplifier are shown in Figure 16. The devices have
gate dimensions 0.1 × 50 µm and are biased at Vds = 1.0
V and Ids = 5 mA. For the purpose of modeling, the
equivalent circuit given in [49] is used. The noise model
of [33], [34] is assumed for noise computation with
Tg = 297 K and Td = 1,500 K (compare to Figure 5). An

Figure 20. A comparison of measured gain and noise characteristics of a K-band amplifi-
er with model prediction at cryogenic temperature Ta = 20 K. Measured noise tempera-
ture includes the contribution of dewar window, pyramidal horn at Ta = 20 K, and room
temperature receiver (Tr = 2,000 K).
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Figure 21. Photograph of K-band MAP amplifier with
cover removed.

25 mm
K-20

Figure 22. Comparison between the predication for the
minimum noise measure of a .1-µm gate length cryogenic
InP HFET (1992) and the best results reported to date for
cryogenic amplifiers employing NGST/JPL devices. Below
50 GHz, the noise temperatures for the Chalmers 4–8 GHz
[45] and NRAO X-, K-, Ka- and Q-band amplifier designs
are shown. For higher frequencies, the noise temperatures
reported for the NGST/JPL MMIC designs are shown [54],
[56], [76]. 
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voltage across the capacitance consequently increases in steps,
since the charge tends to remain constant when the capacitance
is altered because of the presence of the inductance. The effect
is like a sort of "negative damping". In this way spontaneous
oscillations in the circuit can grow from a small disturbance be-
cause of the periodic variation in capacitance (the pumping
action) at a frequency equal to twice the resonant frequency f
of the circuit. This implies that a small signal introduced into
the circuit at its resonant frequency will also grow in magnitude,
i.e. be amplified.
For a circuit with losses, the situation would have been much

the same except that some of the energy supplied by pumping
would have been dissipated in the losses.

Fig. 12. Parametrie excitation in
a simple LC circuit. The capac-
itance C is the reactance that is
varied; it is assumed that the
variation is caused by moving
the plates apart and together.
a) Original variation with time
of the voltage Vand charge Q
on the capacitance. b) Periodic
variation of the capacitance C.
c) Increase in the circuit energy
E caused by the pumping action.
d) Growth of the voltage V
across the capacitance ("negative
damping").

components are equal, but this is not essential. The total charge
is then Q = Ql + Q2 = 2Qo sin t«(1)l+ (1)2)t cos t«(1)1- (1)2)t, an
oscillation of frequency t«(1)1+ (1)2)modulated in amplitude at
a frequency -!C(1)1- (1)2).(The carrier is suppressed.)
The pump source again provides a capacitance variation in the

form of a square wave. The capacitance is increased at the zeros
of sin -!C(1)1+ (1)2)t and reduced half-way between the zeros.
This means that the pump frequency is now equal tofp =ft + f2.
Moreover, the energy flow from the pump source to the capaci-
tance is no longer the same at every decrease in capacitance be-
cause of the amplitude-modulated character of the charge. How-
ever, it is never negative, since the capacitance is always increased
at the zeros of the charge curve.
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If the phase cp of the pumping signal is varied with respect
to the situation shown in fig. 12, (cp = 0) the energy transfer is
reduced [91 and can even be negative for 45° < cp < 135°.
Now if the frequency of an input signal deviates a little from half
the pump frequency the effect is the same as a continuous change
in phase: there will be an amplitude modulation of the amplified
signal. In many applications it is desirable to amplify a fairly
wide band of frequencies and such an amplitude modulation
would then arise.
This difficulty can be avoided by using a slightly more corn-

plicated circuit. Instead of a single oscillatory circuit with period-
ically varying capacitance or inductance, a circuit is used that
has two (or more) resonant frequencies fi andf2, with the coup-
ling at the periodic reactance. It is found that in this configuration
the phase condition described above is no longer present. We shall
explain this with the aid of fig. 13. Again, it is assumed that the
circuit is lossless and that C is the reactive element that is varied.
It is also assumed that one loop only supports current at fre-
quency ft, and the other loop only supports current at frequency
/2. The total charge on the capacitance then consists of a com-
ponent Ql = Qo sin (1)lt and a component Q2 = Qo sin (1)2(,where
(1)1and (1)2are the angular frequencies corresponding tofl and/2.
For convenience we have assumed that the amplitudes of the two

Once again, spontaneous oscillations can arise and grow
through the periodic variation of a reactive element in the circuit.
It seems however that the phase condition should remain the
same as for the earlier situation. In fact, this is not the case: in
a practical amplifier only the current varying at frequency ft is
supplied (as the signal); the current of frequency /2 only arises
from the effect of the pumping action on the impressed signal,
as a mixing product across the varying reactance. This current
generated in this way at f2 then has the correct phase automati-
cally. If the wrong phase were to appear, it would be quickly
damped out anyway, since this energy would be extracted from
the circuit by the pumping action. The mixing product, the charge
or current varying at fp - fl = /2, is the idler signal.
In this arrangement, with the phase condition no longer rele-

vant, we can choose the frequencies ft and f2 far enough apart
to separate them with filters.
The arrangement with the two resonant circuits can be con-

sidered as a more general case; the arrangement with the single
resonant circuit and fl = /2 = tfp is therefore referred to as
the "degenerate" case.
In an ordinary LC circuit with loss represented by a resistance

R in the loop a disturbance will give rise to a damped waveform
of the ~form exp (- RI2L)t cos «(1)t + cp). But in the pumped

Parametric Amplification
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are involved suggests the possibility of a number of 
different physical embodiments, and indeed this is 
so. In addition to the versions using ferrimagnetic 
materials, versions using semiconductor, ferroelectric 
materials, and electron beams have been suggested.4-6 

Two facts regarding the variable parameter amplifier 
invite attention relative to the possibility of low-noise 
characteristics. First of all, the versions which employ 
ferrite or semiconductor material as the active element 
permit elimination of high temperature as the basic 
cause of the noise problem. The active element can 
be kept cool if need be. Second, even in the electron 
beam version where high temperature remains a 
factor, since the principle of operation is quite different 
from that of the conventional beam amplifier, noise 
cancellation or beam smoothing might well be more 
effective than in the conventional amplifier. Preliminary 
calculations have given some encouragement in this 
regard. Thus, the new amplifier opens up the important 
possibility of noise-free amplification to a degree 
previously unattainable. 

Since the principle of operation of the parametric 
amplifier does not involve quantum mechanical 
phenomena in any essential way, it is not surprising 
that the amplification process can be explained in 
terms of classical circuit concepts. Although quantum 
effects may be involved in the details of how the 
classical circuit elements are related to the material 
properties in any particular physical embodiment, 
nevertheless the method of amplification is essentially 
classical. 

This paper presents an illustration of the mechanism 
for energy transfer, a description of the basic circuit 
and how it operates, and a discussion, including 
expressions, of the gain, band width, and noise char-
acteristics. Appendix I discusses gain, band width and 
noise for the system operating as a frequency converter. 7 

Appendix II presents the details of the derivation of 
the noise figure for the amplifier, and Appendix III 
discusses the modifications necessary when the variable 
element has a nonlinear characteristic rather than a 
simple time variation. 

MECHANISM OF ENERGY TRANSFER 

To illustrate the mechanism by means of which 
energy can be transferred from a "pump," which 

• M. E. Hines, "Amplification in non-linear reactance mod-
ulators," Fifteenth Annual Conference on Electron Tube Research, 
Berkeley, California (June, 1957). 

'R. Adler, "A new principle' of signal amplification," Fifteenth 
Annual Conference on Electron Tube Research, Berkeley, 
California (June, 1957). 

6 H. Heffner and G. Wade, "Noise, gain and bandwidth char-
acteristics of the variable parameter amplifier," 1957 Electron 
Devices Meeting, Washington, D. C. (October, 1957). 

7 In connection with frequency conversion, reference should be 
made to the work of J. M. Manley and H. E. Rowe, Proc. Inst. 
Radio Engrs. 44, 904 (1956), which deals with the derivation of 
some general power relations which govern nonlinear reactor 
modulators. 

drives an energy storage element, into the fields of a 
resonant tank, consider the simple resonant circuit of 
Fig. 1. Imagine that it is possible to pull the condenser 
plates apart and push them together again at will. 
Suppose that at the time the voltage across the con-
denser goes through a positive or a negative maximum 
the condenser plates are suddenly pulled apart. Work 
must be done in separating the charge on the two 
plates. The energy goes into the electric fields existing 
across the plates. The capacitance is reduced and, 
since V =Q/C, the voltage is amplified. Each time the 
voltage goes through zero the plates are suddenly 
pushed back together again. When the plates are 
pushed together there is no charge on the capacitor, so 
no work is done or required in this operation. The 
net result is amplification of the voltage across the 
capacitor, the flow of energy being from whatever pumps 
the plates into the fields of the resonant tank. This is 
illustrated in the voltage curve labelled (a). The crosses 
indicate a sudden pulling apart of the plates, the 
circles a sudden pushing together of the plates. Note 
that for this circuit the pumping is repeated periodically 
at twice the frequency of the signal. Note also that here 
a phase condition is necessary for amplifying the tank 
voltage. If the plates are pushed together when the 
voltage is high and pulled apart when it is zero the 
energy flow is in the opposite direction. The voltage is 
then attenuated as shown in curve (b). 

For the two-tank circuit of Fig. 2 there is no such 
phase restiriction. Here the variable capacitance 
serves to couple together two different tank circuits of 
resonant frequencies fh and !l2, respectively. The 
variable capacitor is driven sinusoidally at a rate 
W3=!l1+!l2. 8 If a voltage exists across one of the tanks 
at its resonant frequency, a second voltage is developed 

tv 
(0) 

(b) 

FIG. 1. Simple resonant circuit and pump to illustrate the 
mechanism of energy transfer for the variable parameter principle. 

S Such a capacitance variation with the amplitUde going positive 
and negative is nonphysical but can be considered to be the 
variation about some average value Co>Ca. If the Q's of the two 
resonant circuits are sufficiently high, the effect of the average 
coupling capacitance Co can be taken into account by lumping 
it in parallel with both of the resonant circuits leaving only the 
time varying portion as a coupling element. For further discussion 
of the nature of the variable capacitance see Appendix III. 

Example: A LN2-cooled varactor-diode paramp
for the 2.7 GHz radio interferometer at Defford, 
England (1971)28 R. DAVIES and R. E. PEARSON Philips tech. Rev. 32, No. I

Fig. 9. The sealed inner container of the cryogenic system (foreground) has an upper part
of glass-fibre bonded resin and a lower part of copper. The PVC rings (P2 in fig. 7) can be
seen at its upper end. The amplifier complex, which fits into the container, is shown behind it.

to give stable operation. The design was also arranged
so that the number of demountable seals immersed in
liquid nitrogen was as small as possible.
A single filling of liquid nitrogen will keep the system

adequately cooled for 100 hours when the dewar is kept
vertical. However, the complete cooled amplifier system
is rigidly attached to the aerial, and may therefore tilt
through ± 45°. Under these conditions a single filling
will keep the system cooled for 72 hours.
An automatic nitrogen-replenishing system has also

been added which can be used if there is a need for a
long period of continuous operation. It also allows the
amplifier system to be operated more easily at the
primary focus of the aerial.

The temperature-stabilized enclosure

The temperature of the varactor circuits is stabilized
at about 80K by the liquid nitrogen, but to achieve the

stability necessary in interferometry the temperatures
of the pump klystron and the circulator also have to be
stabilized. These components are therefore housed in a
temperature-stabilized enclosure mounted on top ofthe
dewar.
The temperature-stabilized unit is shown in the

photograph of fig. Ia. Since the klystron gives out
nearly 60 watts of heat it is convenient to stabilize the
enclosure to a temperature above the highest ambient
value. This is done by using air blowers with heaters
that are automatically controlled by a mercury-contact
thermometer.
The outer surface ofthe unit, through which the heat

is dissipated, is finished in a white enamel paint that
has an emissivity of about 0.8. The unit measures
50 X 37.5 X 25 cm. A weather-proofing cover, finished
with the same paint, is also available: this enables the
stabilizer-dewar unit to be used out of doors.

Philips tech. Rev.32,20-3.l, 1971, No. 1 

• Power is transferred from a strong pump tone to a weak 
signal by exploiting an inductive or capacitive 
nonlinearity and the mixing process.

• Amplification is ideally is a noiseless process (if no loss in 
device) except for an added ½ photon noise resulting 
from of the the vacuum fluctuations leaking in from the 
image sideband. 

A child swing is a mechanical analog.

Time-varying capacitor or inductor
(at twice the signal frequency)



Analog: optical fiber-based parametric 
amplifier
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Fig. 2. General scheme of phase-insensitive fiber-based optical parametric amplifier.

Here, and is the third and fourth derivative of the propaga-
tion constant at . When the pump frequency is chosen
to the wavelength dependent part, of the phase
mismatch parameter , and thus the OPA gain bandwidth may
be limited by the fourth-order dispersion [7]. As is typically
in the ps /km range, higher order dispersion becomes
an important and fundamental limiting factor as the operating
bandwidth exceeds 100 nm.
By neglecting , a convenient approximative transformation

of (13) may be done from the frequency domain to the more
generally used wavelength domain [28],

(14)

Here, is the slope of the dispersion at the zero-dispersion
wavelength and the approximation
has been made. This approximation is only valid for bandwidths
where .
When is positioned in the normal dispersion regime
, the accumulated phase mismatch will increase with in-

creasing signal wavelength , thus decreasing the resulting ef-
ficiency of the process. By positioning the pump wavelength
in the anomalous dispersion regime , it is possible
to compensate for the nonlinear phase mismatch by the
linear phase mismatch . For a fixed , the gain versus signal
wavelength will thus be formed in two lobes on each side of
, each lobe having its peak gain for .

This process is identical to the phenomenon that is also referred
to as modulation instability [32], i.e., the parametric process es-
tablishes a balance between GVD and the nonlinear Kerr-effect.
As a sidenote, it can be mentioned that parametric amplifica-

tion with the pump positioned in the normal dispersion regime
may be achieved by using a birefringent fiber [16]. The linear
phase mismatch consist of material phase mismatch (due to
the properties of fused silica) and waveguide phase mismatch
(due to the design of the optical fiber). In the normal dispersion
regime, the nonlinear and the material phase mismatch contri-
bution will have the same sign. By placing the pump in the slow
propagation axis of the fiber, while the idler and signal is po-
sitioned in the fast axis, the sign of the waveguide mismatch

contribution will cancel the material and nonlinear mismatch
contributions and parametric amplification may occur.
Combining the expression for the maximum power flow i.e.,

with (14) shows that

(15)

Hence, the separation between the gain peaks for the signal
wavelength will increase with increasing and with fixed.
Considering the special case when the pump becomes de-

pleted such that the condition is no longer fulfilled.
Studying (12), we may note that the approximation performed
in the last equality is no longer correct. If we still assume that
we are operating in the phase matched regime , the
nonlinear phase mismatch will decrease in order to keep the
total phase mismatch close to zero so that the optimum linear
phase mismatch will decrease compared to predicted by
(15) with . When the pump become so depleted that

, the power will start to oscillate between the pump
and the signal/idler as a consequence of will start to oscil-
late between and .
Equations (4)–(6) are general in the sense that they include a

depleted pump, higher order dispersion and a nonlinear phase
shift, they may also easily be solved numerically by using a
standard computer math package. An improved understanding
can be obtained by considering a strong pump and a weak signal
incident at the fiber input such that the pump remains undepleted
during the parametric gain process. We may then set
and an analytical solution may be derived for the remaining

coupled equations as [13]

(16)

(17)

Here, is the fiber interaction length and the parametric gain
coefficient is given by

(18)
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If the fiber is long or the attenuation is high, the interaction
length will be limited by the effective fiber length expressed
as [38]

(19)

where is the loss coefficient of the fiber. In most applications
involving low-loss HNLF such that . In the
remaining part of this paper that condition will be assumed. The
unsaturated single pass gain and the unsaturated wavelength
conversion efficiency may be written [7], [33]

(20)

(21)

In (20), the last equality stems from the Taylor expansion of
.

From (20), it may be noted that for signal wavelengths close
to and . In the special case of perfect
phase matching and , (20) may be rewritten
as

(22)

D. Discussion on Amplifier Gain and Bandwidth
The above expression shows that for the perfect

phase-matching case, the parametric gain is approximately
exponentially proportional to the applied pump power. A very
simple expression for the OPA peak gain may be obtained if
(22) is rewritten in decibel units as

(23)

where is introduced as the
parametric gain slope in [dB/W/km]. Fig. 3 shows calculated
gain for a parametric amplifier with 1.4-W pump power and
500-m HNLF with W km . The region for perfect
phase matching (exponential parametric gain) and the region
where (quadratic parametric gain) is marked in the
figure. Fig. 4 shows the measured gain slope for the same
experimental fiber parameters [5]. The amplifier bandwidthmay
be defined as the width of each gain lobe surrounding [7], [8],
[13]. From (14), (18), (20) it may be observed that the amplifier
bandwidth for a fixed will increase with decreasing as
the reduction in with respect to will be “accelerated” by the
longer fiber length. On the other hand, since increases as
decreases, the peak gain wavelengthwill be pushed further away
from . This is an important observation since the available

Fig. 3. Calculated gain for a fiber optical parametric amplifier with W,
m, W km , nm, nm,

ps/nm km. Arrows indicate regions with exponential gain and the region with
quadratic gain proportional to the applied pump power.

Fig. 4. Measured parametric gain slope using 500-m HNLF with
W km , nm, and ps/nm km. The

gain slopes were measured for the two peak wavelengths 1547 and 1579 nm,
respectively.

power was usually the limiting factor for conventional optical
fibers. By using a short HNLF it is possible to decrease and
increase such that the maximum gain is fixed while the ampli-
fier bandwidth is increased. The benefit of using such a fiber is
demonstrated in Fig. 5. Here, the single pass gain is calculated
from (16) for different fiber lengths. The product is con-
stant, resulting in a fixed maximum gain but an increased band-
width as the fiber length is decreased. The condition
correspond e.g., to a pump power of 1 W for a HNLF with

m and W km . Decreasing the fiber
length to 50 m would increase the bandwidth
20 times and require for instance W and
W km . Such a high could be achieved in novel types
of HNLF such as air-silica microstructured fibers (ASMF, also
called “holey fibers”) [39]–[41].
As discussed earlier, in the context of (13), we saw that in the

linear phase-matching regime that the limiting factor for wide
operating bandwidth is the fourth-order propagation constant
. However, as the impact of the nonlinear phase mismatch

increases, can be advantageously utilized
to increase and flatten the operational bandwidth by optimizing
[7], [42].
A second factor to take into account for the OPA gain band-

width is the fact that in a real fiber is slightly distributed along
the fiber length [9], [43], [44]. This will broaden the resulting

• “Kerr medium” in fiber produced from 

intensity dependent refractive index

• Nonlinearity leads to amplification

• Idler tone is produced

• !" = !$ + !& or 2!" = !$ + !&
• Phase matching is required 

• Widely used in optical communication

• Purely reactive nonlinearity leads to

Quantum-limited

• Large gain (60 dB) 

Hansryd, IEEE Quantum Electronics, 2002



The good:
• Purely reactive non-linearity à Quantum-limited noise

(noise temperature at QL = h!/k ~ 0.5 K @10 GHz
• Very low dissipation, Integration with superconducting 

electronics
The not-so-good:
• Very small instantaneous bandwidth (~< 10 MHz) 
• Fixed gain-bandwidth product
• Very small dynamic range (<-100 dBm) -> readout of at 

best few photon detectors
• Requires < 100 mK operation (15 mK here)
• Limited to multiplexed readout of only a few photon 

detectors

Josephson-junction-based paramps: resonant vs 
non-resonant versions

K. Lehnert (JILA/NIST)
M. Castellanos, Nature Physics, Vol 4, 2008

946 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 19, NO. 3, JUNE 2009

Fig. 3. Gain measurements. (a) Direct and (b) intermodulation gain as func-
tions of signal-pump detuning (points) and predictions of [12] (lines) for three
different pump powers and frequencies: and
(dots), and (circles), and for and

(crosses). For each pump power, we find an optimum pump
frequency. The optimum frequency decreases with increasing pump power due
to the Duffing-like behavior of the resonator [12]. Then we sweep the signal
frequency over a range around the optimum pump frequency. The signal power
used to measure the gains was 160 dBm.

Fig. 4. (a) Direct gain as a function of signal frequency for for
three different signal powers, and , showing the expected
saturation behavior at large enough signal powers. Signal powers shown are

145 dBm (dots), 130 dBm (circles) and 125 dBm (crosses). (b) Direct
gain as a function of input signal powers for (circles) and

(dots). The signals were applied 60 kHz above the pump
frequency.

function of input signal power for the two cavity resonance fre-
quencies. At 8.012 GHz with a pump power of
and , the 1 dB compression point is 130 dBm.

From noise measurements described in [8], the minimum de-
tectable signal for this amplifier in 1 Hz band is 0.77 . From
these two measurements, we estimate the dynamic range to be
74 dB/Hz. At 6.177 GHz with a pump power of
and , the 1 dB compression point is 137 dBm
and the dynamic range is 67 dB/Hz. The reduction in dynamic
range is expected: when we tune down the resonance frequency
by applying a magnetic field, we are reducing the critical cur-
rents of the SQUIDs and the critical power of the resonator.

As a rule of thumb, we have observed that the satu-
ration powers for large gains can be found as

, where is the critical pump power.
The factor arises because we applied the pump to the
weakly coupled port, but applied the signal to the strongly
coupled port. This expression is reasonable as we expect to
observe saturation behavior when the amplified signal power
becomes a significant fraction of the pump power inside the
cavity.

VI. CONCLUSION

Applications for an amplifier of this type would include am-
plifying microwave signals that encode the motion of a nanome-
chanical oscillator or a superconducting qubit. It is clear that for
largest bandwidth one would like to operate with the minimum
gain necessary. We can make an estimate of the minimum gain
by asking what JPA gain would make the noise added by the
following amplifier equal to the vacuum noise. If the following
amplifier is a state-of-the-art HEMT amplifier operating at 5
GHz and assuming a noise temperature of 5 K, we would re-
quire 16 dB of gain. For this realization of a JPA, the bandwidth
would then be approximately 2 MHz. This bandwidth is well
suited for detecting nanomechanical oscillators of the type in
[13], but marginal for measuring the state of a superconducting
qubit [14]. However, it is plausible to increase the gain-band-
width product of the JPA by implementing larger coupling ca-
pacitors, hence increasing the cavity linewidth.
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Figure 1 Measurement schematic diagram and device images. a, The JPA was
measured in a cryostat held at 15 mK. Two microwave generators were used to
study the JPA. One generator created the pump and local oscillator (LO) tones,
whereas the second created a calibration tone. The pump tone was injected through
port 1 of the JPA, and the calibration tone was incident on port 2 of the JPA through
a 20 dB directional coupler. Signals emerging from port 2 passed through a
circulator and were then amplified by a cryogenic high-electron-mobility transistor
amplifier (HEMT) and a room-temperature amplifier before entering the
radio-frequency (RF) port of a mixer. The noise incident on port 2 of the JPA, which
came primarily from the isolated port of the circulator, could be switched (sw) to
come from two different resistors held at different temperatures. b, A picture of the
full device (upper) and a magnified image of the weakly coupled port and a few
SQUIDs (lower).

further amplified by a chain of commercial amplifiers. We resolve
the components of the amplified signal that are in phase, I , and 90�

out of phase, Q, by mixing the signal with a phase reference called
the local oscillator (LO). Because the LO is derived from the same
generator that produces the pump, I and Q are simply related to the
quadrature components X̂1 and X̂2 of the microwave field exiting
port 2. They are related by I =

p
A(X̂1 cos✓� X̂2 sin✓+ ⇠I (t)) and

Q =
p

A(X̂1 sin✓ + X̂2 cos✓ + ⇠Q(t)), where A is the total power
gain of the commercial amplifiers and mixer, ✓ is the phase between
the pump and the LO, and ⇠I and ⇠Q are random variables. Both
random variables have a power spectral density NA, where NA is
the noise number15 of the commercial amplifier chain expressed as
noise added at the input of the HEMT (see Methods section).
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Figure 2 Linear response of the JPA. a, The fraction of microwave amplitude
transmitted from port 1 to port 2 |S21| (blue) and the fraction reflected from port 2
|S22| (black) as functions of frequency at a particular value of applied magnetic flux.
By fitting these data to a model of a two-port cavity (red lines), we extracted
fres = 7.0038 GHz, �c1 = 2⇡⇥437 kHz, �c2 = 2⇡⇥10.55 MHz and
� i = 2⇡⇥341 kHz. b, The measured value of fres as a function of applied magnetic
flux � in units of the magnetic flux quantum �0. We used the obvious periodicity in
these data to infer the magnetic flux enclosed by the SQUIDs.

Before operating the device as a parametric amplifier, we
first characterized its linear behaviour. We measured the cavity’s
response by measuring both the reflectance of a signal on port
2 and the transmittance from port 1 to port 2 as functions of
frequency (Fig. 2a). The powers used were low enough that the
cavity’s response was still linear. From this measurement we were
able to extract the cavity’s resonance frequency fres and the rates at
which the cavity loses power through both ports, �c1 and �c2, as well
as through internal loss processes, �i (Fig. 2a). When operating as a
parametric amplifier, the centre of the amplified band will be close
to fres, and the unit-gain signal bandwidth will be approximately
�c1 + �c2 + �i = 11.3 MHz (refs 5,6); for example, if the JPA is
operated with

p
G = 10, the signal bandwidth is about 1.1 MHz.

By applying magnetic flux we were able to move the centre of the
amplified band over a large range of frequencies (Fig. 2b).

After characterizing the linear response of the device, we
operated it as an amplifier. In previous work, we studied the
dependence of the parametric gain on the pump power and pump
frequency in our first realization of this metamaterial5, finding
good agreement with the theory in ref. 6. Here we study the noise
performance of the JPA. We began by selecting ✓ = 0, so that the
amplified quadrature appeared at the I port of the mixer (Fig. 3a).
To measure the noise added by the amplifiers, we monitored the
noise at the I port of the mixer while we switched between two
sources of calibrated noise at the input of the JPA. The change in
noise power at the output of the mixer enabled us to measure the
noise NJPA added by the JPA, the JPA gain G, the noise added by
the commercial amplifier chain NA, the gain of the commercial
amplifier chain A and the total noise of the full amplifier chain
Ntot = NJPA +NA/G. The calibrated noise sources were derived from
two resistors held at diVerent temperatures (Fig. 1a). The noise
emitted by both resistors was attenuated by a 10 dB attenuator
held at a temperature TA = 15 mK and then passed to the JPA
through a microwave circulator, which separated the incident
(input) and reflected (output) signals from the JPA. The power
spectral density in units of noise quanta incident on the JPA
through the circulator is

N (TR) =
1

2
+

✓
9

10

◆
1

e
h̄!

kB TA �1
+

✓
1

10

◆
1

e
h̄!

kB TR �1
, (1)

where TR = Tc = 15 mK or TR = Th = 4.1 K depending on
the position of the switch shown in Fig. 1a. The first term in
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Resonant: Kerr medium made of 480 SQUIDs in series 
embedded in a microwave cavity

QUANTUM INFORMATION

A near–quantum-limited Josephson
traveling-wave parametric amplifier
C. Macklin,1,2* K. O’Brien,3 D. Hover,4 M. E. Schwartz,1 V. Bolkhovsky,4 X. Zhang,3,5,6

W. D. Oliver,4,7 I. Siddiqi1

Detecting single–photon level signals—carriers of both classical and quantum
information—is particularly challenging for low-energy microwave frequency excitations.
Here we introduce a superconducting amplifier based on a Josephson junction
transmission line. Unlike current standing-wave parametric amplifiers, this traveling
wave architecture robustly achieves high gain over a bandwidth of several gigahertz
with sufficient dynamic range to read out 20 superconducting qubits. To achieve this
performance, we introduce a subwavelength resonant phase-matching technique that
enables the creation of nonlinear microwave devices with unique dispersion relations.
We benchmark the amplifier with weak measurements, obtaining a high quantum
efficiency of 75% (70% including noise added by amplifiers following the Josephson
amplifier). With a flexible design based on compact lumped elements, this Josephson
amplifier has broad applicability to microwave metrology and quantum optics.

C
oherent superconducting circuits play a
key role in exploring the interaction be-
tween light and matter at microwave fre-
quencies, particularly at the level of single
photons and artificial atoms where quan-

tum effects dominate. Recent advances span
quantummeasurement (1–4), control (5–7), optics
(8, 9), and information processing (10–12). Many
of these developments have relied on ultralow-
noise Josephson parametric amplifiers (JPAs)
(13–15) to detect microwave frequency signals
with a sensitivity approaching the minimum al-
lowed by quantum mechanics (16). Although
several refinements have been incorporated into
JPAs (17–20), the basic architecture remains that
of a cavity where anharmonicity is introduced
via the nonlinear inductance of a Josephson junc-
tion. This architecture is well suited for detecting
a few photons over a bandwidth of tens of mega-
hertz; however, applications such as quantum com-
putation and simulation with many bits motivate
the development of a versatile, general-purpose,
quantum-limited microwave frequency ampli-
fier with gigahertz-scale bandwidth and larger
power-handling capability. Semiconductor ampli-
fiers based on high–electron mobility transis-
tors (HEMTs) fulfill some of these requirements,
but generally achieve noise temperatures 10 to
20 times greater than the quantum limit.

We introduce a style of Josephson amplifier that
sidesteps the primary limiting factor in JPAs—the
use of a resonator to enhance the interaction be-
tween incident waves and the Josephson non-
linearity. Instead,we use a long chain of Josephson
junctions, forming a metamaterial transmission
line (21). We call this device a Josephson traveling-
wave parametric amplifier (JTWPA). The JTWPA
does not have the fixed gain-bandwidth product
intrinsic to resonant JPAs and can achieve power
gain larger than 20 dB over a 3-GHz bandwidth.
This performance is the result of a nonlinear
phase-matching technique specific to the micro-
wave domain that we call resonant phase match-

ing (RPM), in which wemanipulate the dispersion
using an array of deep subwavelength resonators.
The RPM technique could prove a fruitful tool in
developing novel quantum optical devices at mi-
crowave frequencies.
Several features of the JTWPAmake it attract-

ive for a general-purpose ultralow-noise cryogenic
measurement system. The JTWPA does not in-
herently require a bulky, lossy microwave circula-
tor at the input to separate incoming and outgoing
modes. Furthermore, higher pump powers can
be used in the JTWPA than in JPAs, enabling an
order-of-magnitude increase in the input signal
power that can be faithfully amplified. We mea-
sure noise performance of the JTWPA with a
noise power technique and a fiducial quantum
measurement, demonstrating a whole-system
quantum efficiency of 49%—comparable to that
of the most faithful JPAs. We use the JTWPA to
make a projective qubit measurement to a fidelity
of 96.7% in 100 ns at ameasurement power 14 dB
below the 1-dB compression power, implying the
possibility of simultaneous readout of more than
20 qubits. These factorsmake the JTWPA amore
versatile measurement tool than the traditional
JPA, providing the benefits of nearly quantum-
limited performance with an ease of use com-
parable to that of a semiconductor amplifier.
Traveling-wave kinetic inductance amplifiers have
recently been demonstrated (22, 23), though an
intense microwave drive of –10 dBm and a very
long propagation length of 4.4m are required for
gain of 20 dB, rendering integration with quan-
tum information systems challenging.
The architecture of the JTWPA (Fig. 1) is a

lumped-element transmission linewithaJosephson
junction as the inductive element, shunted to
ground through a capacitor. The length of each
unit cell is a ¼ 16 mm; the device presented here
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Fig. 1. Josephson traveling-wave parametric amplifier. (A) Circuit diagram. The JTWPA is implemented
as a nonlinear lumped-element transmission line; one unit cell consists of a Josephson junction with critical
current I0 ¼ 4:6 mA and intrinsic capacitance CJ ¼ 55 fFwith a capacitive shunt to ground C ¼ 45 fF. Every
third unit cell includes a lumped-element resonator designed with capacitance Cr ¼ 6 pF and inductance
Lr = 120 pH, with coupling strength set by a capacitor Cc ¼ 20 fF. The value of C in the resonator-loaded
cell is reduced to compensate for the addition of Cc. (B) False-color optical micrograph. The coloring
corresponds to the inset in (A), with the lower metal layer shown in gray. (C) Photograph of a 2037
junction JTWPA. The line is meandered several times on the 5 mm by 5 mm chip to achieve the
desired amplifier gain.
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comprises 2037 unit cells for a propagation
length of 3.3 cm. The devices are fabricated in a
niobium trilayer process on silicon (24, 25). We
have presented a theoretical treatment of the
JTWPA in (21). When a strong microwave pump
wave propagates down the line, the nonlinear
inductance of the junctions permits four-wave
mixing. Efficient parametric amplification re-
quires the waves at the pump (wp), signal (ws),
and idler (wi) frequencies to satisfy energy con-
servation, 2wp ¼ ws þ wi, and momentum con-
servation (or, equivalently, phase matching),
Dk ¼ 2kp − ks − ki ¼ 0, where k is the wave
vector. The former is satisfied by the creation
of the idler at wi , but the latter is only satisfied
for certain dispersion relations kðwÞ.
For small signals, kðwÞ is approximately a

linear function of frequency and Dk ≈ 0. How-
ever, when the line is strongly driven, the pump
wave induces additional power-dependent phase
shifts (26). In the case of the JTWPA, this shift is
well approximated by

Dk ¼ 2kp − ks − ki − 2kpknl ð1Þ

where the fractional nonlinear wave vector shift
knl ¼ ða2k2pjZ j

2=16L2w2
pÞðIp=I0Þ

2, Z is the charac-
teristic impedance, L is the Josephson inductance,
and Ip=I0 is the ratio of the pump current to the
junction critical current (21). To satisfy this re-
lation, we introduce the RPM technique: We
add a series of linear lumped-element resona-
tors (Fig. 1A), creating a stop band near 7.25 GHz.
Nearby but outside the stop band, wave propa-
gation is unchanged aside from a small increase in
kðwÞ. Choosing a pump frequency in this region
provides the necessary increase in kp to partial-
ly compensate the power-dependent term in Eq. 1 .
The setup for measuring amplifier gain is de-

picted in Fig. 2A. All measurements take place in
a dilution refrigerator with a base temperature
of 30 mK. We measure a 1-dB insertion loss for
the JTWPA in the small-signal regime at 4 GHz,
smoothly increasing to 4 dB at 10 GHz, in good
agreement with capacitive dielectric loss (fig. S3).
The RPM stop band is visible as a dip in trans-
mission at 7.25 GHz (Fig. 2B).
The effect of RPM on the phase mismatch Dk

is shown in Fig. 2C. For a pump far from the dis-
persion feature, Dk e0 in the weak-pump regime
and becomes poorly phase-matched as the pump
power is increased. For a pump near the dis-
persion feature, the phase matching is sufficiently
improved to realize an appreciable enhancement
in gain.We focus here ononeoperating condition,
with a pump at 7.157 GHz and Ip=I0 ¼ 0:91; the
resulting gain profile is shown in Fig. 2D. This
represents the most general-purpose operating
configuration, with 20 dB of gain over a 3-GHz
bandwidth.
Weuse a circuit quantumelectrodynamics (QED)

system (27) in the weak measurement limit to
assess the noise performance of the JTWPA. By
measuring the system parameters and using the
AC Stark shift of the qubit to calibrate the dis-
persive shift c and the mean photon number oc-
cupation of the cavity n, we extract a precisely
calibrated power at the output of the cavity as

P ¼ kℏwrn, where k and wr are the cavity’s
linewidth and frequency. This technique yields
the system noise temperature at the reference
plane relevant to quantum measurement with
no additional uncertainty. This is a notable im-
provement over cryogenic power references that
require additional components between the cali-
bration device and the measurement reference
plane (28, 29), resulting in uncertainties in ex-
tracted system noise temperatures of 1 to 2 dB
(20, 30).
A simplified schematic for this measurement

is shown in Fig. 3A. The qubit and cavity are of
the “3D transmon” variety (31); the single-junction
transmon qubit has a fixed frequency wqb=2p ¼
3:58 GHz and is antenna-coupled to an aluminum
waveguide cavity with a resonant frequency
wr=2p ¼ 5:984 GHz and output coupling rate
k=2p ¼ 18:5 MHz. We measure the dispersive
coupling rate to be c=2p ¼ 584 T 5 kHz. For
additional details, see (25). Noise power spectra

taken of the output microwave field in the vicin-
ity of the cavity frequency are shown in Fig. 3B. A
coherent tone corresponding to a mean cavity
occupation n ¼ 3:62 T 0:04 allows us to directly
refer the measured spectra to the output plane of
the cavity. With the JTWPA pump off, we extract
a system noise of 9:01 T 0:23 K. We turn the
pumpon andmeasure a signal gain of 21.6 dB;we
refer the resulting noise level to the cavity output
by subtracting this gain from themeasured trace,
permitting a direct comparison of noise temper-
ature.Wemeasure a systemnoise of 602 T 15 mK,
equivalent to a quantummeasurement efficiency
h ¼ ℏwr

kbTsys
¼ 0:48 T 0:016.

Several factors contribute to the measured
reduction in h from 1, including insertion loss
in the microwave network between the cavity
and JTWPA (hL ¼ 0:69), distributed loss in the
JTWPA itself (hD ¼ 0:9), and the finite gain of
the JTWPA compared to the HEMT noise (hH ¼
0:93) (25). If we calculate h ¼ hL ⋅ hH ⋅ hD ⋅ hJ,
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Fig. 2. Resonant phase matching. (A) Cryogenic transmission calibration setup. Input signals are
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and a microwave union to the other arm using identical microwave cables. A switch selects which
measurement chain is connected to the HEMTamplifier. (B) Small-signal transmission of the JTWPA,
showing the transmission dip (red) and wave vector shift (blue) due to the dispersion feature near
7.25 GHz.The small ripples are due to inhomogeneity in the frequency of the RPM resonators. (C) Phase
mismatch and gain. The phase mismatch Dk is shown for a pump at 7.157 GHz (solid green, “RPM”) and
at 6.5 GHz (solid purple, “detuned”) versus pump power, with a signal at 6.584 GHz.The decrease in jDkj
at large pump power for the RPM case corresponds to an enhancement in the gain (solid gold)
compared to a detuned pump (solid blue).Theory overlays are shown as dashed lines in complementary
colors.The measured gain curve slumps because of a drop in pump transmission for pump currents near
the junction critical current. Improvements to the RPM resonators could enable further enhancement of
gain. (D) Gain profile of the JTWPA with a strong pump applied at 7.157 GHz and Ip=I0 ¼ 0:91.The ripples
are due to imperfect impedance matching between the JTWPA and the embedding environment. A
predicted gain profile (dotted red) is overlaid, in good agreement with the measured performance.

RESEARCH | REPORTS

on July 6, 2017
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

The good:
• Noise approaching the QL (~ x2)
• Several GHz bandwidth
• Very low dissipation, Integration with superconducting 

electronics
The not-so-good:
• Very small dynamic range (<-90 dBm)
• Requires < 100 mK operation (35 mK here)
• Limited to multiplexed readout of only a few photon 

detectors

Non-Resonant: Kerr medium made of 2000 SQUIDs in 
series embedded in a low-loss transmission-line

C. Macklin, Science, 350 (6258), 2015



The good:
• Quantum-limited noise demonstrated
• Octave or more bandwidth
• High dynamic range (~ -50 to -45 dBm) demonstrated
• Very low dissipation
• Can operate at up to ~ 4K 
• Integration with superconducting electronics
• Can read out large array of detectors

The not-so-good:
• High pump power (100 µW in 1st generation)
• Large ripple (1st generation)
• Long length of 80 cm (1st generation)

• Invented by Zmuidzinas et al. at Caltech/JPL circa 2011
• Kerr medium made of ultra low-loss

and high kinetic inductance film (e.g. NbTiN) in 
a transmission-line arcitecture

• Nonlinearity: !"#$% ∝ '(
• Spin-off from ultra-high-Q TiN KID work

at Caltech/JPL

Cycle 5 NRAO ALMA Development Study Proposal – Quantum-Limited Very-Wideband 4-Kelvin RF and 
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In order to achieve amplification attention must be paid to achieve the required dispersion at the signal, 
idler and pump frequencies. To avoid loss of power into the third harmonic of the pump frequency the 
device utilizes a periodic structure to suppress the third harmonic (see inset of Fig. 3). The simulated and 
measured gain vs. frequency are shown in Fig. 4. Figure. 5 shows the signal-to-noise measurements for a 
weak CW signal along with the setup and measurements of the wideband noise. The measured noise 
contribution from this prototype paramp was < 3.4 photons at 10 GHz. The key innovation in this paramp 
device is the use of NbTiN in the transmission line. In addition to providing a highly nonlinear inductance 
the ultra-low loss of NbTiN allows the gain to grow along the transmission line while adding only the 
noise required by quantum mechanics.  

It is important to note that the physics of the material remains the same at higher frequencies. This allows 
for the concept to be applied to frequencies up to the gap frequency of NbTiN, or about 1.4 THz, beyond 
which photons break Cooper pairs. This has opened up the possibility to develop these amplifiers for 
ALMA’s font-ends as RF amplifiers. The lower frequency limit is determined only by the length of 
transmission line that can be fabricated, ultimately limited by fabrication yield. 

 

Fig. 3: A TKIP amplifier covering 9 to 14 GHz with a pump frequency of 11.6 GHz. (A) Nonlinear 
phase response at 4 GHz of the NbTiN device as a function of the DC current sent down the center 
conductor of the coplanar transmission line. (B) Picture of 0.8 m long spiral NbTiN transmission line. 
The inset is a magnified section of the transmission line showing the periodic loading of the line to 
block the 3rd harmonic of the pump. The thickness of the line is 35 nm and the center conductor and 
gap widths are 1 μm. (C) Calculated dispersion relative to the nominal linear dispersion of the 
transmission line. The gray regions represent stop bands; waves in these frequency ranges decay 
evanescently. From fig. 1 in [4]. 

 

  
 

V1.0	Paramp gain
• Measured	gain	of	a	prototype	device		(fpump =	8.5	GHz)
• Pump	power	~	100	uW

• Compare	to	cavity	paramp with	~1	- 10MHz	bandwidth	

Traveling-wave Kinetic Inductance Parametric 
Amplifier

B. Eom, Nature Physics 8, 623–627 (2012)
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• Application in exoplanet imaging coronographs: 
Single-photon energy-resolving optical MKID arrays serve as 
multi-band wavefront sensors in adaptive optics for high-speed star-light 
speckle suppression.

• Example: MEC (MKID Exoplanet Camera): ~ 20,000 PtSi MKIDs (800-1300 nm)
• Energy resolution (measured with paramp) R ~ 10 
• R is currently limited by MKID design (current non-uniformity in absorber, 

TLS noise) and hot phonon escape to substrate. Could be improved to ~ 25. 
• Talk by N. Zorbist (Friday)

808 nm photons

Application example for paramps:



Application example for paramps:
Photon Counting with KIDs at THz/Submillimeter
(NASA GSFC)

Motivation:
In space, when using R = 1000 spectrometer, 
background photon rate is: 102 – 104 photons/sec, so 
potentially can do photon counting with KIDs

Key design aspects:

• Ultra-small volume aluminum kinetic inductor for 
increased response to single photons

• SOI wafer (currently 0.45 µm Si substrate)

• Parallel-plate capacitor on single-crystal Si for 
integration with on-chip spectrometer (µ-Spec) 
and reduced TLS frequency noise

• Choke filter for confinement of submm radiation 
inside sensitive inductor

• All-microstripline elements and no cuts in ground 
plane  -> Immunity to stray radiation
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assumed that TLS frequency noise is negligible, based on our proposed TLS-free capacitor 
design, which we propose to study experimentally (see §4.1.1). To increase S/N we constructed 
an optimal linear filter from the average ensemble of 100 pulse shapes weighted by their 
probabilities, and applied this filter to the time stream. Fig. 10 shows two examples that clearly 
demonstrate single photon counting is possible with our small volume Al design, for both a 
typical 5 K noise temperature amplifier, and with improved S/N for a parametric 
quantum-limited amplifier with 75% quantum efficiency (Tn = 0.064 K) [67]. We achieve 
>95% detection efficiency above the selected threshold, and 5 Hz dark count rate caused by the 
amplifier noise.  

In our design the inductor volume V and microwave readout power are two key 
parameters that affect the signal-to-noise (S/N) and effective pulse time constants. As V is 
reduced S/N improves but this increases dissipation from the microwave readout, which can 
potentially generate a quasi-particle background (determined by efficiency ηread), which reduces 
S/N and recombination time. In the analysis shown in Fig. 10 we have made a very conservative 
assumption for ηread, but there is experimental evidence that ηread could be very small [51]. Our 
collaborator at SRON will study ηread (see §4.1.3), the results of which will feed back into this 
design.  

With optical lithography, we have made detector volumes of 5 µm3 - 0.12 µm3 for our 
previous KID designs at GSFC. In this proposed work we will use stepper lithography to reduce 
the inductor length and width in our design proportionately, while retaining an optical 
terminating impedance Z0 < 15 Ω. To avoid lateral proximity effects from the NbTiN capacitor 
contacts, we will set a minimum length of ≈ 10x the superconducting coherence length for our 
designs. All of these constraints will limit us to an Al inductor volume of ≥ 8e-4 µm3. Based on 
these constraints and our more comprehensive detector model described above, we calculate that 
Al inductor volumes in the range from ~ 8e-4 - 0.12 µm3 will be capable of photon counting.  

In this proposed work, we will further refine our detector model to narrow in on the 
optimal detector volumes. In addition, we will explore the limits to photon-counting designs near 
500 GHz, as the number of photons/sec in the far-IR sky background (for high redshift galaxy 

 Fig. 10: Example simulated output time streams for a KID demonstrating photon-counting ability at 
0.5 and 1 THz with our small-volume Al design when using a typical HEMT amplifier or a parametric 
amplifier. Background loading condition is ~100 photos/s similar to the sky background at 1 THz. N 
indicates the number of quasi-particles produced at each event. Material parameters are based on our 
measurements for 10 nm Al films (§4.1.3). Other parameters are: bath temperature of 0.1 K, resonance 
frequency of 2 GHz, ηread = 0.25. For readout with HEMT the feedline power is -137 dBm, and for the 
para-amp it is -156 dBm. 

• Dark count rate dominated by amplifier noise is 5 Hz. This corresponds to NEP = 1-2 x 10-21 W/rt Hz in the 0.5-1 THz range .
• Integrated over the signal bandwidth, TLS noise is sub-dominant to amplifier white noise, because internal Q is low during pulse. ✓
• Recombination time and ring time are fast compared to photon arrival rate. Pulses decay with tau ~ 1.7 ms. ✓
• Counting photons with > 95% efficiency! 

Assumptions: 
photon rate = 100/s,  spectrometer resolution = 1000, optical coupling efficiency = 25%, 4K telescope  (conditions for high-Z galaxy case)
detector volume = 0.05 µm3,  bath temperature = 100 mK, readout power = -137 and -156 dBm
Material properties take from our films measured at GSFC.

Photon counting with KIDs in 0.5 -1.0 THz range 
with and without a paramp
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Fig. 1 (Top left) Photograph of resonator KPUP. The coupling capacitor is connected to the CPW center
conductor with an Al wire bond. (Top right) Scanning-electron micrograph of nanowire. The striations are
a fabrication defect with no bearing on the device integrity. (Bottom) Shift of KPUP resonance frequency
with DC bias current of ∼60 µA (Color figure online)

capacitors are interdigitated, as this configuration has been shown to have reduced two-
level systems noise compared to parallel-plate capacitors [7]. The resonator inductor
is a nanowire that accounts for approximately one half of the total inductance of the
resonator.

The device, shown in the top left of Fig.1, is patterned from 10-nm-thick sputtered
TiN on Si. The film has Tc ≈ 3.1K and Ls ≈ 44 pH. In addition to the resonator
and feedline, there is a connection used for the low-frequency current signal and
steady-state bias current. A stepped-impedance filter links this port to the device,
suppressing leakage of microwave power from the resonator. The top right of Fig.1
shows the nanowire, which was fabricated using electron-beam lithography and is 170
nm wide and 2.6 µm long. The curved ends reduce current crowding, increasing the
critical current [8]. This is important for the device sensitivity as it allows for high
bias current.

3.2 Measurements

The KPUP resonance frequency is about 4.7 GHz. We measured the response by
injecting a DC bias current and observing the change in the resonance on a vector
network analyzer. The bottom of Fig. 1 shows the maximum observed shift. At a bias
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Application:		TES	readout	circuit
• Several	TES	signals	combined	at	input	to	one	KPUP
• Similar	to	circuit	used	for	AC	SQUID	MUX
• Each	signal	creates	a	sideband	on	the	microwave	carrier
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• KPUP is a current-sensitive resonator that can be multiplexed for detector readout (e.g. FDM-type TES readout)
• TiN nanowire inductor (170 nm x 2.6 µm x 10 nm) embedded in microwave resonator provides quadratic nonlinearity.
• A low-frequency (MHz) signal modulates the inductance and upconverts the signal to the GHz range.
• Many tones within the resonance bandwidth (~ 5 - 100 MHz) can be simultaneously upconverted and read out.
• One KPUP can be used to read out an array (~100) of bolometers or calorimeters (e.g. TES or MMC).
• Many KPUPs can then be multiplexed in frequency as a 2nd stage of multiplexing (Similar to KIDs) à Kilo-pixel arrays.
• Readout noise of KPUP is very small (10 - 30 pA/rt Hz) à suitable for very sensitive detector readout.
• Non-resonant Transmission-line version of KPUP also developed with excellent performance.

Frequency shift at 60 µA of bias
(5% change)

83

Figure 3.8: (a) Amplitude of transmission through feedline of KPUP chip, measured
at a temperature of 20 mK and nominal readout power of �70 dBm. There is one
resonance in this frequency range, corresponding to the left-most resonator on the
chip. The blue curve shows the transmission without any bias current applied.
The unperturbed resonance frequency is about 4.69 GHz. The red curve shows the
transmission with a 60-µA DC bias current applied to the nanowire. The resonance
frequency under this condition is about 4.44 GHz. The total frequency shift is about
250 MHz, or 5% of the resonance frequency. (b) Full current-response data for the
KPUP resonator. The bias current was swept from zero to 60 µA. Above 60 µA,
the nanowire surpasses its critical current and the resonance disappears. The red
curve is a quadratic-function fit to the data. The quadratic function agrees well
with the data at low currents, but diverges at higher currents. The dashed line is
a quartic-function fit to the data. The quartic function agrees well with the data
throughout the range of bias currents.

resonator shifted downward with increasing bias current, as expected. It continued
to shift until the critical current of the nanowire was surpassed, at which point the
nanowire transitioned to its normal state. In the normal state there is no Mattis-
Bardeen surface impedance, so all of the inductance in the resonator is magnetic.
The magnetic inductance is low, so the resonance frequency is very high and the
resonance is not observed. The critical current in this measurement was found to
be slightly higher than 60 µA. This is not necessarily in disagreement with the
66-µA result obtained from the DC four-wire measurement on the test nanowire,
because there is additional microwave current in the nanowire for this experiment.
The maximum resonance frequency shift, occurring at a bias current just below the
critical current, was 250 MHz. This corresponds to a fractional frequency shift of
5%, which is much higher than any fractional frequency shift observed by increasing
the microwave current via the readout power. Overall, the resonance shift appears
to follow a quadratic trajectory at low values of the bias current, but at higher bias
currents it is clear that the trajectory is actually quartic. This is similar to what was
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capacitors are interdigitated, as this configuration has been shown to have reduced two-
level systems noise compared to parallel-plate capacitors [7]. The resonator inductor
is a nanowire that accounts for approximately one half of the total inductance of the
resonator.

The device, shown in the top left of Fig.1, is patterned from 10-nm-thick sputtered
TiN on Si. The film has Tc ≈ 3.1K and Ls ≈ 44 pH. In addition to the resonator
and feedline, there is a connection used for the low-frequency current signal and
steady-state bias current. A stepped-impedance filter links this port to the device,
suppressing leakage of microwave power from the resonator. The top right of Fig.1
shows the nanowire, which was fabricated using electron-beam lithography and is 170
nm wide and 2.6 µm long. The curved ends reduce current crowding, increasing the
critical current [8]. This is important for the device sensitivity as it allows for high
bias current.

3.2 Measurements

The KPUP resonance frequency is about 4.7 GHz. We measured the response by
injecting a DC bias current and observing the change in the resonance on a vector
network analyzer. The bottom of Fig. 1 shows the maximum observed shift. At a bias
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Abstract We describe a novel class of devices based on the nonlinearity of the kinetic
inductance of a superconducting thin film. By placing a current-dependent inductance
in a microwave resonator, small currents can be measured through their effect on the
resonator’s frequency. By using a high-resistivitymaterial for the film and nanowires as
kinetic inductors, we can achieve a large coefficient of nonlinearity to improve device
sensitivity. We demonstrate a current sensitivity of 8pA/

√
Hz, making this device

useful for transition-edge sensor (TES) readout and other cutting-edge applications.
An advantage of these devices is their natural ability to bemultiplexed in the frequency
domain, enabling large detector arrays for TES-based instruments. A traveling-wave
version of the device, consisting of a thin-film microwave transmission line, is also
sensitive to small currents as they change the phase length of the line due to their effect
on its inductance. We demonstrate a current sensitivity of 5pA/

√
Hz for this version of

the device, making it also suitable for TES readout as well as other current-detection
applications. It has the advantage of multi-GHz bandwidth and greater dynamic range,
offering a different approach to the resonator version of the device.

Keywords Kinetic inductance · Nonlinear · TES readout · Current sensor

1 Introduction

Sensitive current detectors are essential for reading out the transition-edge sensors
(TESs) used in applications including astronomy and quantum information [1,2].
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• Application for space-based detector readout. e.g. for the Origins 
Space Telescope to read out arrays of photon-counting 
spectrometers 

• Replacing high power consuming HEMT amplifiers with TKIPs for 
reducing SWAP in space platforms. (much less dynamic range 
needed compared to ground-based)

• Sensitive current sensors for multiplexed readout of large detector 
arrays (e.g. TESs) for astronomical telescopes (e.g. CMB-S4 needs ~ 
105 TES or KID detectors)

• X-ray/Gamma-ray spectrometers for fast/real-time materials 
analysis in industry or national security. 

• Deep-space communication – e.g. IF amplifiers for DSN
• Quantum Computing: readout of qubits in quantum processors 
• Circuit QED experiments for fundamental physics 

Many other applications of paramps and the kinetic 
inductance nonlinearity in the context of readout



Short review of the microwave SQUID multiplexer 
(µMux)

Overall goal: Fast access to signals from large-format arrays with 103

– 106 pixels
Applications: Precise measurement of the energy of individual 
photons,
X-ray spectrometer for NASA’s Lynx space mission concept, Nuclear 
assay of materials, beam-line materials analysis

Typical readout approaches for detector arrays:
• Time-domain, Frequency-domain, Code-domain

e.g. NIST/LANL 256 pixel TES spectrometer (TDM)

Disadvantages of above readout technologies: 
• Limited to ~ 10-20 MHz readout bandwidth
• Large number of cryogenic wires
• System complexity

Advantages of the µ-Mux: 
• Naturally multiplexed (~ 1000/line)
• Many GHz HEMT amplifier bandwidth
• Little to none degradation of overall system sensitivity (from 

µMux)

14

HPGe

NIST/LANL
256 pixel gamma TES array  (TDM)

D. Bennett et al., RSI 83, 093113 (2012)

J.A. Mates et al., APL 111, 062601 (2017)

NIST TES array with 
Microwave SQUID mux 

whose primary purpose is to maintain a suitably high Q for
the resonators, independent of the details of the sensor cir-
cuit. They also act in conjunction with the TES bias circuit
to protect the TESs from the microwave power stored in the
resonator that could potentially couple into the TES bias cir-
cuit. In this design, each resonator has a bandwidth of
roughly 300 kHz, and the resonances are spaced 6 MHz
apart. Variations to the design have produced resonators in
four 250 MHz bands between 5 GHz and 6 GHz.

A photograph of the fully assembled 256-TES sample
box is shown in Fig. 2. Two 25-pin micro-D connectors
extend from the blue circuit boards through the bottom of the
box on either side. These boards route the flux-ramp signals
and the detector bias currents to the appropriate chips; in the
current configuration, these signals could occupy as few as
four of the available twisted pairs, saving the remaining ones
for diagnostics. The microwave signals enter and exit the
box through the SMA connectors in the four corners, with
coax to microstrip to coplanar waveguide adapters to connect
to the feedline on the multiplexing chips. The microwave
signals pass through four 33-resonator multiplexing chips on
either side of the box. From the outside of the box moving
towards the middle, the 8 multiplexer chips connect to induc-
tor chips (1.6 lH), resistive shunt chips (375 lX), wiring fan-
out chips, and finally TES detector chips. With 256 detectors
each with a square 1.45 mm tin absorber, the active area of
the array is 5.38 cm2. We mount the sample box in an adia-
batic demagnetization refrigerator that provides a tempera-
ture of 70 mK. Four coaxial cables connect to the box from
room temperature.

In order to perform simultaneous readout of a large
number of resonators, we require control electronics that
generate the appropriate probe tones and then digitize the
resonator responses. Having a dedicated microwave genera-
tor per resonance would be far too expensive. Instead, two
high speed digital-to-analog converters (DACs) generate a
comb of tones at lower frequencies (e.g., 10–512 MHz),
which are mixed up to microwave frequencies using an IQ
mixer. A similar IQ mixer is used to mix the tones coming
out of the cryostat back down to baseband frequencies,

where two high speed analog-to-digital converters (ADCs)
digitize the entire baseband signal consisting of all the tones.

The readout electronics for SLEDGEHAMMER are based
on those developed for the readout of microwave kinetic induc-
tance detectors (MKIDs) for the MUSIC13 and ARCONS14

experiments. These readout systems are themselves based on
the Reconfigurable Open Architecture Computing Hardware
(ROACH) platform developed and maintained by the
Collaboration for Astronomy Signal Processing for Electronics
Research Consortium. Firmware programmed into an FPGA on
a 2nd-generation ROACH (ROACH-2) digitally separates the
512 MHz bandwidth measured by the ADCs into different
channels corresponding to each resonator and then demodulates
the flux ramp applied to all SQUIDs in the array. The ROACH
transmits the resulting data over a 10 Gb/s ethernet connection
to a data acquisition computer. The firmware we have devel-
oped for the SLEDGEHAMMER instrument is capable of
simultaneous readout of 128 microwave SQUID multiplexer
channels without adding significant noise and will be described
in a separate publication.

A vector network analyzer sweep of all four bands on one
side of the detector package is shown in Fig. 3(a). All of the
132 resonators achieved a resonator depth of more than 10 dB.
The resonators were placed with a spacing of 6 6 1 MHz. At
this frequency precision, only one resonator ended up within
2.5 MHz of another resonator. The gaps between the four
bands and the smaller gaps within the bands allow for wafer-
scale and chip-scale shifts in phase velocity due to changes in
material parameters, layer thickness, and etch uniformity.
These gaps also provide convenient frequencies at which to
place the local oscillators for the up-mix. Due to the band-
width of the current ADCs and the 6 MHz resonator spacing
of this demonstration, only 64 of the resonators could be read
out per ROACH-2. However, we demonstrated simultaneous
readout of 128 channels using two sets of the ROACH-2 elec-
tronics, with the two local oscillators placed between bands 1
and 2 and between bands 3 and 4.

The power spectral density of the input-referred current-
noise of 4 representative TESs read out simultaneously is
shown in Fig. 4(a). The noise added by the readout can be
clearly distinguished from the TES noise at frequencies
above the roll-off of the TES noise around 1 kHz. The read-
out noise is on average a factor of ten below the TES noise
and does not have a significant effect on the achieved resolu-
tion. The inset to Fig. 4(b) shows a histogram of readout
noise levels measured at 10 kHz.

FIG. 2. Photograph of the sample box containing the 8 TES microcalorime-
ter detector chips (center), 8 microwave multiplexer chips (outer vertical
columns) and chips for detector bias, Nyquist filtering, and signal routing.

FIG. 3. (a) The measured jS21j2 of four microwave SQUID multiplexing
chips connected in series. The four resonator bands are placed between 5
and 6 GHz. 128 of the 132 resonances are of sufficient quality to read out the
SLEDGEHAMMER TESs.

062601-3 Mates et al. Appl. Phys. Lett. 111, 062601 (2017)

NIST
256 pixel gamma TES array  (µMux)



Principle of operation
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Flux modulation line
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• Changes in TES current induce changes in flux through RF SQUID à changes in SQUID 
inductance à changes in microwave resonance frequency à changes in microwave 
transmission S21

• Effectively, TES signal is amplified through ultra-low noise RF SQUID
• Single microwave feedline can read ~ thousand pixels.
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Early µMux readout demonstration for gamma-ray 
TESs at NIST (2013)
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O.  Noroozian et al., APL 103, 202602 (2013)
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Simultaneous readout of 128 X-ray and gamma-ray transition-edge
microcalorimeters using microwave SQUID multiplexing

J. A. B. Mates,1,a) D. T. Becker,1 D. A. Bennett,2 B. J. Dober,2 J. D. Gard,1
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(Received 2 June 2017; accepted 7 July 2017; published online 8 August 2017)

The number of elements in most cryogenic sensor arrays is limited by the technology available to
multiplex signals from the arrays into a smaller number of wires and readout amplifiers. The
largest demonstrated arrays of transition-edge sensor (TES) microcalorimeters contain roughly 250
detectors and use time-division multiplexing with Superconducting Quantum Interference Devices
(SQUIDs). The bandwidth limits of this technology constrain the number of sensors per amplifier
chain, a quantity known as the multiplexing factor, to several 10s. With microwave SQUID multi-
plexing, we can expand the readout bandwidth and enable much larger multiplexing factors. While
microwave SQUID multiplexing of TES microcalorimeters has been previously demonstrated with
small numbers of detectors, we now present a fully scalable demonstration in which 128 TES
detectors are read out on a single pair of coaxial cables. [http://dx.doi.org/10.1063/1.4986222]

Superconducting transition-edge sensors (TESs)1 are
exquisitely sensitive devices for the measurement of incident
power and energy, due to the very low thermal fluctuations at
cryogenic temperatures. However, the size of arrays of TESs
and other cryogenic sensors has been limited by the technol-
ogy available to multiplex the signals into a reasonable num-
ber of output channels that carry the signals to room
temperature. For example, TES microcalorimeters routinely
achieve record sensitivities for energy dispersive detectors at
x-ray and gamma-ray wavelengths, but the largest demon-
strated arrays contain only about 250 detectors multiplexed
using a time-division (TDM) basis set,2,3 and are read out
using approximately 50 pairs of wires. Other multiplexing
techniques, such as frequency division multiplexing (FDM)4

and code-division multiplexing (CDM)5 have been used to
demonstrate smaller arrays, but none have demonstrated mul-
tiplexing factors greater than about 30 detectors per output
channel. Fundamentally, the multiplexing factors of these
techniques are all limited by the available per-output-channel
bandwidth of about 10 MHz.

Microwave superconducting quantum interference device
(SQUID) multiplexing,6– 8 shown in Fig. 1(a), uses rf-SQUIDs
inductively coupled to cryogenic sensors (e.g., TESs) to modu-
late the frequency of high-Q microwave resonators. By cou-
pling these resonators to a common microwave feedline with
each resonator tuned to a different frequency, we can read out
all the sensors simultaneously. A microwave tone placed on
one resonance measures its frequency shift and thus its detector
signal. A superposition of microwave tones, one for each reso-
nator, can measure all detectors. The SQUIDs provide the nec-
essary gain to boost the signals and the noise of the detectors
above the noise of a high-bandwidth cryogenic HEMT ampli-
fier. The SQUID response is linearized through flux-ramp
modulation.9 The large bandwidth of microwave transmission
lines allows this approach to achieve significantly higher

multiplexing factors than have been achieved for TES sensors
in the past.

Any multiplexing technique must satisfy at least five
requirements: (1) readout noise below the noise of the sen-
sors of interest, (2) sufficient dynamic range for the largest
signals of interest, (3) sufficient bandwidth to measure both
fast signals and signals from a usefully large number of sen-
sors, (4) sufficient isolation between sensors in the same
readout chain, and (5) the existence of electronics able to
perform the necessary control functions in a fashion that
scales well to large numbers of sensors. In this letter,
we show that microwave SQUID multiplexing fulfills all

FIG. 1. (a) A schematic representation showing just three channels of a
microwave SQUID multiplexing circuit with TESs. (b) A photograph of a
33-channel microwave SQUID MUX chip. (c) A close-up photograph show-
ing quarter-wave microwave resonators capacitively coupled to a feedline.
The resonators are terminated by an inductively coupled rf-SQUID (left).a)John.Mates@Colorado.EDU
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whose primary purpose is to maintain a suitably high Q for
the resonators, independent of the details of the sensor cir-
cuit. They also act in conjunction with the TES bias circuit
to protect the TESs from the microwave power stored in the
resonator that could potentially couple into the TES bias cir-
cuit. In this design, each resonator has a bandwidth of
roughly 300 kHz, and the resonances are spaced 6 MHz
apart. Variations to the design have produced resonators in
four 250 MHz bands between 5 GHz and 6 GHz.

A photograph of the fully assembled 256-TES sample
box is shown in Fig. 2. Two 25-pin micro-D connectors
extend from the blue circuit boards through the bottom of the
box on either side. These boards route the flux-ramp signals
and the detector bias currents to the appropriate chips; in the
current configuration, these signals could occupy as few as
four of the available twisted pairs, saving the remaining ones
for diagnostics. The microwave signals enter and exit the
box through the SMA connectors in the four corners, with
coax to microstrip to coplanar waveguide adapters to connect
to the feedline on the multiplexing chips. The microwave
signals pass through four 33-resonator multiplexing chips on
either side of the box. From the outside of the box moving
towards the middle, the 8 multiplexer chips connect to induc-
tor chips (1.6 lH), resistive shunt chips (375 lX), wiring fan-
out chips, and finally TES detector chips. With 256 detectors
each with a square 1.45 mm tin absorber, the active area of
the array is 5.38 cm2. We mount the sample box in an adia-
batic demagnetization refrigerator that provides a tempera-
ture of 70 mK. Four coaxial cables connect to the box from
room temperature.

In order to perform simultaneous readout of a large
number of resonators, we require control electronics that
generate the appropriate probe tones and then digitize the
resonator responses. Having a dedicated microwave genera-
tor per resonance would be far too expensive. Instead, two
high speed digital-to-analog converters (DACs) generate a
comb of tones at lower frequencies (e.g., 10–512 MHz),
which are mixed up to microwave frequencies using an IQ
mixer. A similar IQ mixer is used to mix the tones coming
out of the cryostat back down to baseband frequencies,

where two high speed analog-to-digital converters (ADCs)
digitize the entire baseband signal consisting of all the tones.

The readout electronics for SLEDGEHAMMER are based
on those developed for the readout of microwave kinetic induc-
tance detectors (MKIDs) for the MUSIC13 and ARCONS14

experiments. These readout systems are themselves based on
the Reconfigurable Open Architecture Computing Hardware
(ROACH) platform developed and maintained by the
Collaboration for Astronomy Signal Processing for Electronics
Research Consortium. Firmware programmed into an FPGA on
a 2nd-generation ROACH (ROACH-2) digitally separates the
512 MHz bandwidth measured by the ADCs into different
channels corresponding to each resonator and then demodulates
the flux ramp applied to all SQUIDs in the array. The ROACH
transmits the resulting data over a 10 Gb/s ethernet connection
to a data acquisition computer. The firmware we have devel-
oped for the SLEDGEHAMMER instrument is capable of
simultaneous readout of 128 microwave SQUID multiplexer
channels without adding significant noise and will be described
in a separate publication.

A vector network analyzer sweep of all four bands on one
side of the detector package is shown in Fig. 3(a). All of the
132 resonators achieved a resonator depth of more than 10 dB.
The resonators were placed with a spacing of 6 6 1 MHz. At
this frequency precision, only one resonator ended up within
2.5 MHz of another resonator. The gaps between the four
bands and the smaller gaps within the bands allow for wafer-
scale and chip-scale shifts in phase velocity due to changes in
material parameters, layer thickness, and etch uniformity.
These gaps also provide convenient frequencies at which to
place the local oscillators for the up-mix. Due to the band-
width of the current ADCs and the 6 MHz resonator spacing
of this demonstration, only 64 of the resonators could be read
out per ROACH-2. However, we demonstrated simultaneous
readout of 128 channels using two sets of the ROACH-2 elec-
tronics, with the two local oscillators placed between bands 1
and 2 and between bands 3 and 4.

The power spectral density of the input-referred current-
noise of 4 representative TESs read out simultaneously is
shown in Fig. 4(a). The noise added by the readout can be
clearly distinguished from the TES noise at frequencies
above the roll-off of the TES noise around 1 kHz. The read-
out noise is on average a factor of ten below the TES noise
and does not have a significant effect on the achieved resolu-
tion. The inset to Fig. 4(b) shows a histogram of readout
noise levels measured at 10 kHz.

FIG. 2. Photograph of the sample box containing the 8 TES microcalorime-
ter detector chips (center), 8 microwave multiplexer chips (outer vertical
columns) and chips for detector bias, Nyquist filtering, and signal routing.

FIG. 3. (a) The measured jS21j2 of four microwave SQUID multiplexing
chips connected in series. The four resonator bands are placed between 5
and 6 GHz. 128 of the 132 resonances are of sufficient quality to read out the
SLEDGEHAMMER TESs.
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Measuring across four full bands, we were able to simul-
taneously read out 128 channels of gamma-ray TESs illumi-
nated with a gadolinium-153 calibration source. Figure 5
shows the combined spectrum from 89 of the 128 possible
channels. Of the 39 channels that were not used for the com-
bined spectrum, 6 were intentionally not connected to TESs
to use as diagnostics, 15 did not respond to the detector bias,
and 18 showed pulses but did not yield spectroscopic quality
data due to problems with the detectors themselves. The
most prominent lines in the spectra are the 97 and 103 keV
gamma-ray lines from gadolinium-153 and the x-ray com-
plexes around 41 keV and 47 keV from the europium
K-alpha and K-beta lines, respectively. The other lines are a
combination of escape peaks from the bright lines, other
gamma-ray lines of gadolinium-153, and fluorescence from
the lead source housing and from the gold plating of the
detector box. The inset shows the combined spectra in the

region around 97 keV along with a Gaussian fit with a full
width at half maximum resolution of 55 eV. This resolution
is better than was achieved with similar detectors in a previ-
ous two channel demonstration,15 and is consistent with both
the energy resolutions achieved using time-division multi-
plexing in an 8 column by 32 row format2 and the inherent
resolution of this TES design.

Using the SLEDGEHAMMER instrument, we have dem-
onstrated low-noise simultaneous readout of 128 TES microca-
lorimeters using a single output channel. SLEDGEHAMMER
targets precision gamma-ray spectroscopy for nuclear materials
accounting, but microwave SQUID multiplexing techniques
will also enable expanded TES arrays for other applications
including x-ray beamline and cosmic microwave background
science. We our working on doubling the resonator density and
expanding the bandwidth of the room-temperature electronics,
which should allow readout of 1000 TES microcalorimeters
with one set of coaxial cables and readout electronics. We
expect these advances to dramatically increase the scale of
future arrays of low-temperature detectors.

The authors gratefully acknowledge the support of the U.S.
DOE NEUP, NIST Innovations in Measurement Science, NASA
APRA, and DOE BES ADR programs.
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FIG. 4. The current noise spectrum of 4 TESs. The inset shows a histogram
of the measured current noise at 10 kHz of 54 resonances read out simulta-
neously with a single ROACH-2. Because the microwave tones are gener-
ated digitally with a finite repetition rate, any deterministic errors (e.g.,
signal clipping) appear in harmonics of that rate. Here, we configured the
system so that those errors appear in spikes at 15.625 kHz and 31.25 kHz,
well above the signal bandwidth of our detectors.

FIG. 5. The combined spectrum from 89 TESs measured simultaneously
using microwave SQUID multiplexed readout. The source of the x-rays and
gamma-rays was a gadolinium-153 calibration source. The inset shows a
zoomed region around the 97 keV gamma-ray peak (blue) with a Gaussian
fit FWHM resolution of 55 eV (red).
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			Abstract	
	

We	 performed	 a	 small-scale	 demonstra5on	 at	 GSFC	 of	 high-

resolu5on	x-ray	TES	microcalorimeters	read	out	using	a	microwave	

SQUID	 mul5plexer.	 This	 work	 is	 part	 of	 our	 effort	 to	 develop	

detector	 and	 readout	 technologies	 for	 future	 space	 based	 x-ray	

instruments	 such	as	 the	microcalorimeter	 spectrometer	envisaged	

for	Lynx,	a	large	mission	concept	under	development	for	the	Astro	

2020	 Decadal	 Survey.	 In	 this	 paper	 we	 describe	 our	 experiment,	

including	details	of	a	recently	designed,	microwave-op5mized	low-

temperature	setup	that	is	thermally	anchored	to	the	50	mK	stage	of	

our	 laboratory	ADR.	Using	 a	 ROACH2	 FPGA	 at	 room	 temperature,	

we	simultaneously	read	out	32	pixels	of	a	GSFC-built	detector	array	

via	 a	 NIST-built	 mul5plexer	 chip	 with	 Nb	 coplanar	 waveguide	

resonators	coupled	to	RF	SQUIDs.	The	resonators	are	spaced	6	MHz	

apart	(at	~5.9	GHz)	and	have	quality	factors	of	~15,000.	Using	flux-

ramp	modula5on	frequencies	of	160	kHz	we	have	achieved	spectral	

resolu5ons	of		3-5	eV	FWHM	on	each	pixel	at	6	keV.	We	will	present	

the	 measured	 system-level	 noise	 and	 maximum	 slew	 rates,	 and	

briefly	 describe	 the	 implica5ons	 for	 future	 detector	 and	 readout	

design.		

Microwave	SQUID	mul3plexing	

�	A	few	GHz	of	bandwidth	per	amplifier	channel	

�	TESs	couple	to	unique	microwave	resonator	

�	RF	SQUIDs	built	into	microwave	resonator	

�	Inductance	modulates	resonance	frequency	

�	Linearize	output	without	feedback		
		(common	modula5on)	

�	Single	microwave	feed-line	can	read	out		

			hundreds	of	pixels	

�	Flux	ramp	much	faster	than	input	signal	

àphase	shic	φ	is	almost	constant	during	ramp		

					and	propor5onal	to	TES	current	

Flux	ramp	modula5on	

φ =
2πM
Φ0

ITES

�	For	demodula5on	

φ = arctan
V (t)sin2π fc∑ t
V (t)cos2π fc∑ t

⎛

⎝
⎜
⎜

⎞

⎠
⎟
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(b)	

(a)	

TES	16-3.92	eV	

TES	17-3.32	eV	

	Interfere	with	other	

TES	19-3.29	eV	

TES	20-5.59	eV	

TES	21-3.34	eV	

TES	22-3.49	eV	

TES	23-3.51	eV	

TES	24-4.28	eV	

TES	25-5.32eV	

TES	26-3.73	eV	

Damaged	Nyquist	chip	

Damaged	Nyquist	chip	

Incorrect	wiring	

TES	30-4.09	eV	

TES	31-4.25	eV	

TES	1-2.88	eV	

TES	2-3.00	eV	

TES	3-3.65	eV	

TES	4-3.08	eV	

TES	5-3.35	eV	

TES	6-2.97	eV	

TES	7-3.51	eV	

TES	8-2.95	eV	

TES	9-3.09	eV	

TES	10-3.15	eV		

TES	11-3.55	eV	

TES	12-3.01	eV	

TES	13-3.57	eV	

TES	14-3.12	eV	

TES	15-3.07	eV	

TES	0-2.81	eV	

MnKα	X-ray	spectrum,	R/Rn	~	20	%	

�	<ΔE>	=	3.53	eV	FWHM	@	5.9	keV	including	all	measured	pixels		

	-	TES	18:	Resonator	inten5onally	turned	off	to	avoid	interference	with	other	resonator	

	-	TES	20	/	25:		Rela5vely	poor	energy	resolu5on	due	to	excess	detector	noise	

		

In	progress:	fixed	wiring,	replaced	damaged	Nyquist	chip	(4/2017),	required	new	µMUX	

chip	due	to	subsequent	damage	during	handling,	µMUX	screening	underway	(4-7/2017)	

Future	work:	microwave	readout	of	‘Hydra’	pixels	for	Lynx	(see	Bandler,	Smith)	

Lynx	

n	Microcalorimeter	detector	array	for	Lynx	
�	Energy	resolu3on:	be]er	than	3	eV	FWHM	at	0.2	–	10	keV	
�	Number	of	readout	channel	>	56,000	
		(number	of	pixel	>	150,000	with	hydra)	

�	Various	angular	resolu5on,	energy	resolu5on	and	count	rates	
�	Sensor:	Transi5on-edge	sensor(TES)	or	magne5cally	coupled	calorimeter	(MCC)	

�	Ini5al	approach:	Use	posi5on-sensi5ve	TES	microcalorimeter,	“Hydras”.	These	have		

			mul5ple	absorbers	atached	to	each	sensor	

�	See	also	
			-	PE-46,	“The	Design	of	the	Lynx	X-ray	Microcalorimeter,”	Simon	Bandler	et	al.		

			-	PE-59,	“Design	and	op5miza5on	of	mul5-pixel	transi5on-edge	sensors	for	X-ray		

																					astronomy	applica5on,”	Stephen	J.	Smith	et	al.	

	A	large	mission	concept	under	development	by	NASA	for	the	Astro		

	2020	Decadal	Survey	

	

�	T
c
	~	89	mK	

�	120	um2	
TESs

	

�	2.5	um	backside	Cu	

�	Absorber:	Au/Bi	

�	0.5	um	SiN	membrane	

TES	bias	leads	

Au/Bi	absorber	

(250	um
2
)
	

8	X	8	TES	microcalorimeter,	NASA/GSFC	

Ongoing	work:	microwave	mul3plexing	of	32	TES	microcalorimeters	

uMUX	chip,	NIST			

�	Fabricated	by	NIST	

�	33	Nb	microwave	resonators		

�	Resonance	freq.:	5.7-6.0	GHz	

�	300	kHz	bandwidth		

�	Frequency	spacing:	~6	MHz	

�	Quality	factor	~	15,000	
�	Coupling	constant	:	8.73	
		(SQUID	input	–	flux	ramp	circuit)	

1	mm	

Room	temperature	electronics	
�	ROACH	2	with	MKID	ADC/DAC	board		

�	ADC/DAC	sampling	rate:	512	Msps	

�	Number	of	channels:	32	

�	Bin	select:	8	MHz	sampling	per	channel	

�	Signal	bandwidth:	1	MHz	

�	Solid	line:	measured	rf-SQUID	response	to	flux	ramp	signal		

�	Dashed	line:	fited	signal	to	find	mixed	frequency	

�	Flux	ramp	frequency:	160	kHz,	mixed	frequency	~	330	kHz	

�	Throw	away	transient	part,	used	only	1	Φ
0	

�	33	resonators	
�	Center	frequency	~	5.87	GHz,	6	MHz	spacing	

�	Q	~	13500	
							–	Q

c
	~	14500	à	Q

i
~1.5–2x10

5	

Response	of	the	uMUX	read	out	

slew	rate	requirement:	

related	to	pulse	rise	

Measured	system	noise	and	slew	rate		

�	Noise	of	readout	circuit	is	the	measured	noise	without	TES	connec5on	

	-	microwave	readout	circuit:	30	pA/√Hz	

	-	TES	noise	level:	~	150	pA/√Hz	

			à	uMUX	readout	noise	is	a	factor	of	~5	below	the	TES	noise	level			

TES	noise		level	~	150	pA	/√Hz	

Readout	noise	

~30	pA/√Hz	

Promising	ini3al	results:	microwave	mul3plexing	of	5	TESs	

5	resonators	with	5	TESs	

NEP	with	X-ray:	2.57–	2.77	eV@	~	5.9	keV	

16	resonator	mul3plexing	
(5	TESs,	11	without	TES)	

NEP	with	X-ray:	2.60	–	2.81	eV	@	~	5.9	keV	
No	NEP	degrada3on	compared	to	five	
resonator	mul3plexing	!	

R/Rn	~	15	%	

TES5	=	2.90	±0.075	eV		

TES7	=	3.11	±0.078	eV		

TES8	=	2.82	±0.082	eV		

TES9	=	3.16	±0.078	eV		

TES11	=	3.00	±0.078	eV		

<ΔE>=3.00	eV	FWHM		@	MnKα	5.9	keV	

Excess	noise	

TES	20,	25	

Non-unifomity	due	to	gradient			

in	heat	sink	temperature	

-fixed	in	subsequent	run	

Due	to	the	damaged	Nyquist	inductor	and	incorrect	wiring	

�	Max	slew	rate	depends	on	pulse	rise,	flux	ramp	frequency	and		

			resonator	bandwidth	

	-	Trade	between	slew	rate	capability	and	resonator	packing	density	

�	Approaches	for	Lynx:	
	-	slow	the	rise	of	the	hydra	pixels,	increase	the	resonator	bandwidth	

input	

output	

10	dB	atenuator	

Coil	&	aperture	

Thermometer	

uMUX	chip	

Nyquist	chip	

8X8	TES	

Low	temperature	uMUX	setup	

Nb	shield		

T	=	55	mK	

Apertures	

I/Q	mixer	

Low	pass	

filter	

ROACH2	

+ADC/DAC	

Dual	Ch.	

Amp.	

Changed	TES	detector	chip	with	the	goals	of:	
1.	Improved	energy	resolu5on	–	expect	non-mul5plexed	∆E

FWHM
=1.6	eV	based	on	measurements	of	similar	chip		

2.	32-channel	mul5plexing	–		bond	pad	layout	compa5ble	with	µMUX	chip	layout	

dI
dt

= 0.33 A/s
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Fig. 3 Sample box without lid. It contains a microwave SQUID multiplexer chip, a TES microcalorimeter
array, and a Nyquist chip with inductors and resistors for the TES bias circuit. A 6-pin nano connector is used
to supply a DC bias to the TESs and the flux-ramp signal for the SQUIDs. The connector cables are fixed
with Stycast epoxy in a sidewall pocket.

ity of C⇠1.1 pJ/K at Tc. With a conventional single-channel DC SQUID readout using a
flux-locked loop we measured 2 pixels from this representative chip and obtained spectral
performance of DEFWHM=2.6± 0.1 eV and 3.5± 0.1 eV at 5.9 keV, significantly broader
than the 2.1 eV predicted for each pixel based on the measured signal size and noise. The
Nyquist chip has shunt resistors with Rs=0.2 mW and Nyquist inductors of LN=200 nH, the
latter designed to slow the pulse rise time and thus relax the slew-rate requirement on the
readout.

The microwave SQUID multiplexing chip was fabricated by NIST. The 33 resonators
are designed to have resonance frequencies of ⇠ 5.7�6.0 GHz and bandwidths of 300 kHz.
The resonators are grouped into two bands: resonators within each band are separated by
6 MHz and there is a 20 MHz gap between the two bands. Of the 33 resonators, one has
a ‘dark’ SQUID that does not connect to a TES. The other 32 resonators are coupled to
TES detectors. The measured resonator quality factors are Q⇠13,500 (Qc⇠14,500, Qi⇠1.5-
2⇥105).

3 Measurement results

For our initial demonstration we set the LO frequency at 5.75 GHz, lower than all of the
resonator center frequencies. The microwave drive power at the chip was ⇡ �70 dBm and
the flux-ramp signal was a fFR=125 kHz sawtooth wave with peak-to-peak amplitude of
255 µA, tuned to produce ⇠3F0 per flux-ramp period; we used 2 of the 3F0 to demodulate
the signal. The bath temperature was 55 mK and a common TES bias of 500 µA was applied
to bias the TESs at R/Rn⇠15%.
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We	 performed	 a	 small-scale	 demonstra5on	 at	 GSFC	 of	 high-

resolu5on	x-ray	TES	microcalorimeters	read	out	using	a	microwave	

SQUID	 mul5plexer.	 This	 work	 is	 part	 of	 our	 effort	 to	 develop	

detector	 and	 readout	 technologies	 for	 future	 space	 based	 x-ray	

instruments	 such	as	 the	microcalorimeter	 spectrometer	envisaged	

for	Lynx,	a	large	mission	concept	under	development	for	the	Astro	

2020	 Decadal	 Survey.	 In	 this	 paper	 we	 describe	 our	 experiment,	

including	details	of	a	recently	designed,	microwave-op5mized	low-

temperature	setup	that	is	thermally	anchored	to	the	50	mK	stage	of	

our	 laboratory	ADR.	Using	 a	 ROACH2	 FPGA	 at	 room	 temperature,	

we	simultaneously	read	out	32	pixels	of	a	GSFC-built	detector	array	

via	 a	 NIST-built	 mul5plexer	 chip	 with	 Nb	 coplanar	 waveguide	

resonators	coupled	to	RF	SQUIDs.	The	resonators	are	spaced	6	MHz	

apart	(at	~5.9	GHz)	and	have	quality	factors	of	~15,000.	Using	flux-

ramp	modula5on	frequencies	of	160	kHz	we	have	achieved	spectral	

resolu5ons	of		3-5	eV	FWHM	on	each	pixel	at	6	keV.	We	will	present	

the	 measured	 system-level	 noise	 and	 maximum	 slew	 rates,	 and	

briefly	 describe	 the	 implica5ons	 for	 future	 detector	 and	 readout	

design.		

Microwave	SQUID	mul3plexing	

�	A	few	GHz	of	bandwidth	per	amplifier	channel	

�	TESs	couple	to	unique	microwave	resonator	

�	RF	SQUIDs	built	into	microwave	resonator	

�	Inductance	modulates	resonance	frequency	

�	Linearize	output	without	feedback		
		(common	modula5on)	

�	Single	microwave	feed-line	can	read	out		

			hundreds	of	pixels	

�	Flux	ramp	much	faster	than	input	signal	

àphase	shic	φ	is	almost	constant	during	ramp		

					and	propor5onal	to	TES	current	

Flux	ramp	modula5on	

φ =
2πM
Φ0

ITES

�	For	demodula5on	

φ = arctan
V (t)sin2π fc∑ t
V (t)cos2π fc∑ t

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

(a)	 (b)	

(b)	

(a)	

TES	16-3.92	eV	

TES	17-3.32	eV	

	Interfere	with	other	

TES	19-3.29	eV	

TES	20-5.59	eV	

TES	21-3.34	eV	

TES	22-3.49	eV	

TES	23-3.51	eV	

TES	24-4.28	eV	

TES	25-5.32eV	

TES	26-3.73	eV	

Damaged	Nyquist	chip	

Damaged	Nyquist	chip	

Incorrect	wiring	

TES	30-4.09	eV	

TES	31-4.25	eV	

TES	1-2.88	eV	

TES	2-3.00	eV	

TES	3-3.65	eV	

TES	4-3.08	eV	

TES	5-3.35	eV	

TES	6-2.97	eV	

TES	7-3.51	eV	

TES	8-2.95	eV	

TES	9-3.09	eV	

TES	10-3.15	eV		

TES	11-3.55	eV	

TES	12-3.01	eV	

TES	13-3.57	eV	

TES	14-3.12	eV	

TES	15-3.07	eV	

TES	0-2.81	eV	

MnKα	X-ray	spectrum,	R/Rn	~	20	%	

�	<ΔE>	=	3.53	eV	FWHM	@	5.9	keV	including	all	measured	pixels		

	-	TES	18:	Resonator	inten5onally	turned	off	to	avoid	interference	with	other	resonator	

	-	TES	20	/	25:		Rela5vely	poor	energy	resolu5on	due	to	excess	detector	noise	

		

In	progress:	fixed	wiring,	replaced	damaged	Nyquist	chip	(4/2017),	required	new	µMUX	

chip	due	to	subsequent	damage	during	handling,	µMUX	screening	underway	(4-7/2017)	

Future	work:	microwave	readout	of	‘Hydra’	pixels	for	Lynx	(see	Bandler,	Smith)	

Lynx	

n	Microcalorimeter	detector	array	for	Lynx	
�	Energy	resolu3on:	be]er	than	3	eV	FWHM	at	0.2	–	10	keV	
�	Number	of	readout	channel	>	56,000	
		(number	of	pixel	>	150,000	with	hydra)	

�	Various	angular	resolu5on,	energy	resolu5on	and	count	rates	
�	Sensor:	Transi5on-edge	sensor(TES)	or	magne5cally	coupled	calorimeter	(MCC)	

�	Ini5al	approach:	Use	posi5on-sensi5ve	TES	microcalorimeter,	“Hydras”.	These	have		

			mul5ple	absorbers	atached	to	each	sensor	

�	See	also	
			-	PE-46,	“The	Design	of	the	Lynx	X-ray	Microcalorimeter,”	Simon	Bandler	et	al.		

			-	PE-59,	“Design	and	op5miza5on	of	mul5-pixel	transi5on-edge	sensors	for	X-ray		

																					astronomy	applica5on,”	Stephen	J.	Smith	et	al.	

	A	large	mission	concept	under	development	by	NASA	for	the	Astro		

	2020	Decadal	Survey	

	

�	T
c
	~	89	mK	

�	120	um2	
TESs

	

�	2.5	um	backside	Cu	

�	Absorber:	Au/Bi	

�	0.5	um	SiN	membrane	

TES	bias	leads	

Au/Bi	absorber	

(250	um
2
)
	

8	X	8	TES	microcalorimeter,	NASA/GSFC	

Ongoing	work:	microwave	mul3plexing	of	32	TES	microcalorimeters	

uMUX	chip,	NIST			

�	Fabricated	by	NIST	

�	33	Nb	microwave	resonators		

�	Resonance	freq.:	5.7-6.0	GHz	

�	300	kHz	bandwidth		

�	Frequency	spacing:	~6	MHz	

�	Quality	factor	~	15,000	
�	Coupling	constant	:	8.73	
		(SQUID	input	–	flux	ramp	circuit)	

1	mm	

Room	temperature	electronics	
�	ROACH	2	with	MKID	ADC/DAC	board		

�	ADC/DAC	sampling	rate:	512	Msps	

�	Number	of	channels:	32	

�	Bin	select:	8	MHz	sampling	per	channel	

�	Signal	bandwidth:	1	MHz	

�	Solid	line:	measured	rf-SQUID	response	to	flux	ramp	signal		

�	Dashed	line:	fited	signal	to	find	mixed	frequency	

�	Flux	ramp	frequency:	160	kHz,	mixed	frequency	~	330	kHz	

�	Throw	away	transient	part,	used	only	1	Φ
0	

�	33	resonators	
�	Center	frequency	~	5.87	GHz,	6	MHz	spacing	

�	Q	~	13500	
							–	Q

c
	~	14500	à	Q

i
~1.5–2x10

5	

Response	of	the	uMUX	read	out	

slew	rate	requirement:	

related	to	pulse	rise	

Measured	system	noise	and	slew	rate		

�	Noise	of	readout	circuit	is	the	measured	noise	without	TES	connec5on	

	-	microwave	readout	circuit:	30	pA/√Hz	

	-	TES	noise	level:	~	150	pA/√Hz	

			à	uMUX	readout	noise	is	a	factor	of	~5	below	the	TES	noise	level			

TES	noise		level	~	150	pA	/√Hz	

Readout	noise	

~30	pA/√Hz	

Promising	ini3al	results:	microwave	mul3plexing	of	5	TESs	

5	resonators	with	5	TESs	

NEP	with	X-ray:	2.57–	2.77	eV@	~	5.9	keV	

16	resonator	mul3plexing	
(5	TESs,	11	without	TES)	

NEP	with	X-ray:	2.60	–	2.81	eV	@	~	5.9	keV	
No	NEP	degrada3on	compared	to	five	
resonator	mul3plexing	!	

R/Rn	~	15	%	

TES5	=	2.90	±0.075	eV		

TES7	=	3.11	±0.078	eV		

TES8	=	2.82	±0.082	eV		

TES9	=	3.16	±0.078	eV		

TES11	=	3.00	±0.078	eV		

<ΔE>=3.00	eV	FWHM		@	MnKα	5.9	keV	

Excess	noise	

TES	20,	25	

Non-unifomity	due	to	gradient			

in	heat	sink	temperature	

-fixed	in	subsequent	run	

Due	to	the	damaged	Nyquist	inductor	and	incorrect	wiring	

�	Max	slew	rate	depends	on	pulse	rise,	flux	ramp	frequency	and		

			resonator	bandwidth	

	-	Trade	between	slew	rate	capability	and	resonator	packing	density	

�	Approaches	for	Lynx:	
	-	slow	the	rise	of	the	hydra	pixels,	increase	the	resonator	bandwidth	

input	

output	

10	dB	atenuator	

Coil	&	aperture	

Thermometer	

uMUX	chip	

Nyquist	chip	

8X8	TES	

Low	temperature	uMUX	setup	

Nb	shield		

T	=	55	mK	

Apertures	

I/Q	mixer	

Low	pass	

filter	

ROACH2	

+ADC/DAC	

Dual	Ch.	

Amp.	

Changed	TES	detector	chip	with	the	goals	of:	
1.	Improved	energy	resolu5on	–	expect	non-mul5plexed	∆E

FWHM
=1.6	eV	based	on	measurements	of	similar	chip		

2.	32-channel	mul5plexing	–		bond	pad	layout	compa5ble	with	µMUX	chip	layout	

dI
dt

= 0.33 A/s

NASA/GSFC:	Wonsik	Yoon,	Joseph	S.	Adams,	Simon	R.	Bandler,	James	A.	Chervenak,	Aaron	M.	Datesman,	Megan	E.	Eckart,	Fred	M.	Finkbeiner,	Richard	L.	Kelley,	Caroline	A.	Kilbourne,	Antoine	R.	Miniussi,		

																								Samuel	H.	Moseley,	Frederick	S.	Porter,	John	E.	Sadleir,	Kazuhiro	Sakai,	Stephen	J.	Smith,	Thomas	R.	Stevenson,	Nicholas	A.	Wakeham,	Edward	J.	Wassell,	Edward	J.	Wollack		

Na3onal	Radio	Astronomy	Observatory	(NRAO),	University	of	Virginia	(UVA),	NASA/GSFC:	Omid	Noroozian	

NIST/Boulder:	Dan	Becker,	Douglas	A.	Bennet,	Joseph	W.	Fowler,	Johnathon	D.	Gard,	Gene	C.	Hilton,	John	A.B.	Mates,	Carl	D.	Reintsema,	Daniel	S.	Swetz,	Joel	N.	Ullom,	Leila	R.	Vale	

Email:	wonsik.yoon@nasa.gov	
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https://ntrs.nasa.gov/search.jsp?R=20170007210 2018-02-04T22:34:22+00:00Z

Wonsik Yoon, et al., JLTP, 2018

Successful readout of ~ 30 x-ray TES pixels
and 30 spectra for the MnKa line



The End
Thank you!



• Quick announcement:

Looking to fill one or two postdoc positions at NASA 
GSFC to work with us on single-photon MKIDs, 
EXCLAIM (Microspec/MKID-based balloon mission, 
and paramps)

If interested please contact:
Omid Noroozian (omid.noroozian@nasa.gov)
Eric Switzer (eric.r.switzer@nasa.gov)

mailto:omid.noroozian@nasa.gov
mailto:eric.r.switzer@nasa.gov


Backup



Flux-ramp modulation/demodulation
• Linearizes output in 

absence of feedback

• Here, flux ramp signal at 
40 KHz applies              
every 25 μs

• Flux ramp much faster 
than input signal  à
phase shift     ~ constant
during ramp and
proportional to TES
current:

• For demodulation:
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