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In this paper, we investigate the single photon response from the reflection of the Microwave Kinetic Inductance Detec-
tor (MKID) array. Reflection measurements are carried out using two configurations: one is measured simultaneously
with the transmission, and the other is obtained with a single-ended MKID array terminated with an open load. Com-
pared with the transmission, reflection measurements significantly reduce the readout noise of the single-ended MKID
array. This is also reflected in the improvement of the median energy resolving power by around 20-30% under pulsed
photon illumination at A = 405 nm, mainly due to an increase in the size of the resonance circle on the IQ plane. This
method has the potential to be used to read out large MKID arrays.

The Microwave Kinetic Inductance Detectorl (MKID) has
emerged as a groundbreaking technology with wide-ranging
applications in astrophysics, spanning from millimeter-wave*
and optical’® to X-ray observations® for its wideband oper-
ation, intrinsic frequency domain multiplexity and relatively
simple fabrication. In the optical and near-infrared bands,
MKIDs demonstrate a distinctive blend of excellent energy
resolution and the ease of scalability into large arrays®™, pro-
viding a significant advantage in applications like extreme
faint object detection and low-resolution spectroscopy like
SPIAKID*.

MKIDs typically consist of high-quality lumped supercon-
ducting resonators in the optical and near-infrared bands.
These resonators, as discussed in®12, are constructed with an
interdigitated capacitor (IDC) and a meander inductor. When
photons with energies #7v > 2A (2A the Cooper pair binding
energy) are absorbed in the meander, they generate phonons,
disrupt Cooper pairs, and produce quasiparticles (QPs). These
additional QPs increase the kinetic inductance, lowering the
resonator’s resonance frequency and quality factor. This re-
sponse can be detected through changes in the phase and am-
plitude of the resonator, respectively, by applying a probing
tone at the resonance frequency.

The performance of optical MKIDs is characterized by
their energy-resolving power R, which currently faces domi-
nation by three distinct noise sources. The first is the noise
caused by the escape of hot phonons from the meander to
the substrate, as discussed in the literature®®. The second is
the two-level system noise (TLS) generated within the sub-
strate and at the superconductor/substrate interface!®. The
last is the readout noise from the system, primarily stemming
from the low noise amplifier (LNA), which plays a signifi-
cant role. Efforts have been dedicated to reducing this readout
noise, notably through implementing superconducting para-
metric amplifiers” ¥, which are still not commercially avail-
able for reading out MKIDs.

Presently, MKIDs are typically read out via the transmis-
sion of the resonator. However, due to the inherent nature of
MKIDs, strong reflections can occur at resonance, especially

FIG. 1. MKIDs T-junction circuit

in the case of high-quality superconducting resonators where
the reflected signal (S{;) can surpass the transmitted signal
(821). Consequently, by utilizing S1; for resonator readout,
there is potential to diminish the sensitivity of the resonator to
readout noise within the system. This signal, however, is not
traditionally measured in the conventional homodyne config-
uration.

In this paper, we investigate the single-photon response of
TiN/Ti/TiN MKIDs* measured by reflection. To capture the
reflected signal, a cryogenic circulator is positioned at the in-
put of the MKID array, with the reflected signal (S;;) read
from the circulator’s third port—a methodology commonly
employed for qubit readout 121®, Two distinct configurations
are compared. In the first configuration, both Sy; and S»y,
taken as a reference, are measured simultaneously. In con-
trast, only S1; is measured in the second configuration when
the MKID array is terminated with an open load. The latter is
referred to as single-ended MKIDs. Across all configurations,
we observed a single-photon response, with the single-ended
MKID array demonstrating the most favorable median R, ap-
proximately 20-30%

The equivalent circuit of the MKID shunted-coupled to a
transmission line with a characteristic impedance Z; can be
generally represented in Fig. [l Z; and Z, are general de-
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FIG. 2. Measurement Setup with reflection (S11) and transmission (S31). The S;;-open is obtained by terminating the output port of the MKIDs
with an open load. The reflected signal is obtained by putting an isolator at the input of the resonator. The isolator is currently placed on the

4K stage due to the limited space on the 0.1K stage.

scriptions of the port impedance, which can either be the
impedance mismatch or the impedance of the transmission
lines. Z3 is the MKID impedance. S| can be obtained as

AZ3;+T
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7o and Ty are the equivalent characteristic impedance of the
transmission line and the reflection coefficient at the MKID
array input. S>; of the MKIDs can be expressed as”

270 1
So1 = (1- =) ®)
220 +7Z\+ 27, 1+273/Zy
with?LZ
1 _ Q/Qc—2j0x, ©)
14273/ 72 1+2j0x,

where Q and Q. are, respectively, the quality factor and the
coupling quality factor of the resonator, x, = (f — f,)/f; is
the detuning of the generator frequency from resonance, and
Xq = Of,/fr is the fractional detuning of the original reso-
nance frequency due to the impedance mismatches. By sub-

stituting Eq. (€ into Eq. (A),

0/0c—2j0x,
Sii=7- (YFO)/l—i—ZjQ]x @)
g
Then, S;; can be fitted with
0/0c—2j0x,
S :(Y_FO)(YO_/I—FZjQJx) ¥
g

with 1 = v/(y—To) and v = (Z\ + 22) /(220 + Z1 + Z2) as
a complex fitting parameter. The amplitude of Sj; and the
location of its center of the resonance circle in the IQ plane
will depend on the value of }p. For a matched resonator, i.e.
Z1 =2, —0, % — 0. S;; will show a maximum at the res-
onance frequency. When Z; — oo and Z; — 0, y — 1/2, the
magnitude of S;; will be similar to S| and shows a minimum
at the resonance. A more detailed mathematical procedure for
Eq. (ST2) can be found in Appendix A.

The detailed measurement setup for the MKIDs is illus-
trated in Fig. 2] The MKIDs undergo characterization within
a pre-cooled two-stage pulse tube Adiabatic Demagnetization
Refrigerator (ADR). A 1.5mm-thick niobium cylinder, sheets
of metglas 2714a surrounding the MKIDs, and a 2mm-thick
cylinder of Cryophy are employed on the 4K stage to shield
from magnetic interference. Each MKID is individually read
out using a standard homodyne mixing scheme.

The input signal, generated by a signal generator, is attenu-
ated by a programmable attenuator at room temperature and a
20 dB attenuator at 4 K. A circulator is positioned at the input
of the MKIDs to capture the S1; signal. Due to space limita-
tions on the 100 mK stage, attenuators on the 1 K and 100 mK
stages are temporarily removed to acquire the S1; signal. The
thermal noise above 100 GHz is well-attenuated thanks to the
thermal filters on the 100 mK stage. Thus, the background
noise at the MKIDs should remain low!®, although the ther-
mal noise at the resonance frequency band remains. It should
also be noted that placing the circulator on the 100 mK stage
will reduce the system noise, thus further improving R.

The transmitted and reflected signals from MKIDs are ini-
tially amplified by an LNA on the 4 K stage and further ampli-
fied by two room-temperature amplifiers. Subsequently, the
transmitted and reflected signals are down-converted to DC
by two IQ mixers and then sampled by an oscilloscope. The
readout power at the detector’s input is estimated to be ap-
proximately -100 dBm.

[lumination of the MKIDs array is achieved through an op-
tical fiber positioned 35 mm above the pixels. A 405 nm laser,
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FIG. 3. Comparison of the single-photon response of the MKID at 4.018 GHz from the transmission and reflection at T}, = 200 mK (A)-(C):
Measured pulse statistics from Sq, S1; and S1;-Open. A, is the fitted mean value of the Poisson distribution. oy and o are the standard
deviations of the first and second peaks. (D)-(E): Comparison of the amplitude of the MKID and its trajectory on the IQ plane. The black dots
indicate the readout frequency. The dashed lines are the fitted curves with Eq. (S7) and (SI12). (F): The averaged single-photon response with
hundreds of pulse events with n = 1 as shown in (A)-(C). (G): Comparison between the noise spectrum and the pulse shown in (F), obtained
by Fourier transformation. The dashed line (——) is the noise in phase, and the dash-dot line (—-) is the noise in amplitude.

modulated by a 250 Hz pulse from a pulse generator with a
width of around 50 ns, is employed for illumination. The laser
output power is adjusted outside the cryostat using a digital
step attenuator. The pulse response of the MKID is sampled
by an oscilloscope at a frequency of 5-10 MHz.

Two different configurations are employed for the measure-
ment of the MKIDs. First, S1; and S,; are measured simulta-
neously. Second, the responses of the MKIDs terminated with
an open load at the output port of the array are measured, as
depicted in Fig. 2] and the corresponding result is labeled as
S11-open.

Our array comprises 30 x 30 MKIDs. Each MKID con-
sists of a 10 nm/10 nm/10 nm-thick TiN/Ti/TiN trilayer me-
ander connected to a niobium capacitor. The meander size is
36 x 36 um?. The measured critical temperature 7, of the tri-
layer film is around 1.75 K. A more detailed description of the
design of the pixels can be found in our previous publication®.,

As depicted in Fig[3] we first conducted a comparison of
the measured single-photon response of the MKID obtained
from S11, S21, and S11-Open. In all cases, the MKID resonat-
ing at around 4.018 GHz was measured with a readout of ap-
proximately 2 dB below saturation at the frequency showing

the maximum response on the IQ plane. Each measurement
recorded around 10,000 pulse events and was processed by the
standard wiener filtering”. The resulting pulse height statis-
tics are illustrated in Fig[3}(A)-(C), and these data were fitted
using the convolution between the Gaussian and Poisson dis-

tributions, as'®.

>

A ~(0-no1—00?/(202)

€))

ngkl

p(9)=

0

n

Here, A, is the mean value of the Poisson distribution, ¢y is the
mean value of the 0-th peak that is the background response
from the chip, o, is the variance of the n-th peak, and ¢, is
the difference between the peaks, which is the response of a
single photon.

Here, we consider the width of the O-photon peak is domi-
nated by the system noise Oy, i.e., the two-level system (TLS)
noise o7ys from the MKID itself and the readout noise o, .

O} = Of15+07, (10)
The width of the 1-photon peak is dominated by the readout
noise and the noise related from the photon absorption 0, i.e.,
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FIG. 4. (A)-(B): Comparison of amplitudes of S»1, S1; and S;;-Open respectively. There are two transmission zeros around 4.25 GHz and

5.35 GHz.

TABLE I. Fitted parameters and contribution of each noise to R for
the resonator at 4.0175 GHz.

O 0O % orLs O op

® (K (0.F) (O.F) (O.F)
So1 32k 21k 1.0 0.61 056 0.61
S11 25k 17k 0.06+1.0;5 0.60 0.72 0.69

S11-Open 16k 19k 0.27+0.35; 0.58 0.38 0.59

the hot phonon escape® and the current non-uniformity in the
meander® as

of =05 +0, (11)

Here, o, is dominated by the phonon escape noise. Since
the TLS is mainly in the phase response of MKID, o, can
be obtained by convolving the amplitude response in the 0-
photon peak with the wiener filter. We list the contribution of
each noise of the resonator at 4.0175 GHz in Table [l It can
be seen that the orrs and o), are consistent with each other.
The difference in the Rs of S>;, S11 and S;;-open is due to
the different levels of the readout noise. The R of S11-Open is
dominated by the TLS and the phonon escape noise.

The increase in the readout noise in S;; can be attributed

to two possible reasons. First, the presence of the reflection
chain especially the circulator can lead to an increase in read-
out noise. Second, the MKID is read out at the frequency ex-
hibiting maximum response in the IQ plane, resulting in sim-
ilar output powers at the output port of the MKID across all
cases, as depicted in Fig. (D)—(E), where the black dots rep-
resent the position of the readout signals. Consequently, the
signal obtained from the reflection may not be significantly
higher than the S;’s. The dashed lines are the fitted results
with Eq. and Eq. and the fitted parameters are listed
in Table [ which shows the internal quality factor Q; are in
good agreement with each other. The initial values strongly
influence the fitted parameters, yet their impact on estimating
the pulse response is minimal.

The reduction of the readout noise in S;;-open is due to the
increase of the radius of the resonance circle r, which is shown
in Fig[3}(E). as there is no significant difference in the pulse

response shown in Flgl-(F) The readout noise is related to r
2420

kgT,
r’p.’

where kp is the Boltzmann constant 7, is the equivalent in-
put noise temperature of the readout system. P, is the level

Spss = 12)



of the readout power. Thus, the readout noise would be re-
duced when there is an increase in the radius of the resonance
circle. This is also supported by the noise spectrum shown
in Fig. BH(G). Eq. (I2) is qualitatively in agreement with the
measurement by taking into account that the readout power
of S11-open is 2 dB lower than that of S3;. For matched res-
onators (i.e, Z; = 0 and Z; = 0 for the case of S1; and S, and
Z1 =0 and Z; = o for S11-Open), the radius of the resonance
circle of S11, S21 and S;;-open can be expressed as

O JH( Qa1
r=4 2Qi+0) 4HQexa)? +1 S & S (13)
Ql%lQi- 4(Qlx,)*+ 1 S11 —Open
Q; is the internal quality factor of the resonator and 1/Q =
1/Q.+ 1/0;. The coupling quality factor Q.. of the S;;-Open
will change due as

C 220 +7Z\+ 27,

Q= oc2 e{ (Zo+21)(Zo+22) } (19
where C and C, are, respectively, the capacitors of the reso-
nance and the coupling capacitor to the feedline. w, is the an-
gular resonance frequency. Q.. will reduce when Zy+Z, — o,
which is agreement with the Q. fitted from the S>; and Sy;-
open. In this case, for a matched resonator (x, = 0), the ra-
dius of the resonance circle will be increased by more than a
factor of 2. A comprehensive mathematical derivation for de-
termining the radius of the resonance circle can be found in
Appendix B.

The readout scheme utilizing S;;-Open presents a notable
advantage for systems featuring significant ripples in the base-
line particularly due to the absence of bridges that balance the
CPW ground?!. In Fig. |4l we compare the amplitudes of Sy,
S»21, and S11-Open across the frequency range from 4.00 GHz
to 6.00 GHz. Notably, where a minimum exists in S»;, there
is a corresponding maximum in Sy, and vice versa. Addition-
ally, as the frequency surpasses 5.50 GHz, the magnitude of
S11 begins to exceed that of Sy;, elucidating the unexpected
additional reduction in the magnitude of S>; within our sys-
tem. It can be seen that terminating the array with an open
load remarkably diminishes the grounding effect to approxi-
mately +3 dB, a level comparable to state-of-the-art MKID
arrays22 23 Note the amplitude of the S;; and S11-Open de-
pends strongly on the ¥ in Eq.[ST2} which is determined by
the matching condition of the resonator to the circuit. When
Y is real positive, S;; and S;;-Open will have similar ampli-
tude with S»;. The amplitude of S;;-Open shown in FigE] is
a special case with the center of the resonance circle close to
the origin of the IQ plane.

Further investigations will be performed for larger MKIDs
with multiple readout lines to check if the bridges that balance
the ground can be eliminated.

We conducted a comparison of the energy resolution (R)
across three frequency bands: 4.19-4.29 GHz, 4.75-4.95 GHz,
and 5.30-5.40 GHz, where two of them exhibit a minimum in
the amplitude, as depicted in Fig. [B}(A). The measured Rs
within the corresponding bands are illustrated in Fig. [5}(B).
Despite the amplitude of S7; being approximately 10 dB lower
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FIG. 5. Comparison of the energy resolution between the Sy,

S>1, and Syj-open over a bandwidth of around 100 MHz at 4.19-
4.29 GHz, 4.75-4.95 GHz and 5.30-5.40 GHz. (A): The measured
amplitude of the Sy, S»; and Syj-open. (B): The measured energy
resolution versus frequency. The input power is optimized for each
pixel to maximize R. (C): Statistics of R in the measured bands,
around 10 pixels in the measured bands, do not show a single photon
response.

than that of S11, the measured R from S remains compara-
ble to S, while R from S;;-Open demonstrates a significant
improvement. This trend is consistent for the resonances ob-
served in the 4.75-4.95 GHz and 5.30-5.40 GHz bands.

The statistical analysis of the Rs depicted in Fig. [5}(B) is
presented in Fig. [5}(C). Notably, the median R is enhanced
from 2.0 with S»; to 2.6 with S1;-Open, and the maximum R
reaches approximately 3.5.

The impedance transformation of the readout line, denoted
as (Zy + Z») in Eq. (14), could potentially approach zero,
leading to an increase in readout noise as r decreases, as de-
scribed in Eq. and Eq. (T3). To mitigate this issue, one
effective approach is to position the resonators at multiples
of half wavelength to the open load. Typically, an MKID ar-



ray exhibits resonances between 4 GHz and 8 GHz, with the
wavelength of an 8 GHz signal measuring around 16 mm on
sapphire. By arranging the pixels within ££1 mm around the
half wavelength, approximately 10 pixels can be accommo-
dated. However, achieving MKIDs in the optical band with
resonance frequencies at desired positions presents challenges
due to the small size of the pixels. Further investigations are
warranted to optimize the performance of MKIDs with a re-
flection readout scheme. Moreover, it’s intriguing to note that
despite our MKIDs not being designed to be terminated by an
open load, we’re observing an increase in the median R-value,
suggesting the effectiveness of our method. Additionally, we
believe that the proposed readout scheme remains applicable
for MKID arrays in the millimeter bands, as indicated by the
validity of Eq. (I2) and Eq. (I3). Even if there’s a slight de-
viation in the resonance frequency from the design, it should
still be manageable®.

In conclusion, we have implemented an MKID readout
scheme based on reflection. Our observations indicate no sig-
nificant improvement in the median R when S;; is measured
together with S>;. Adopting a scheme to read out the single-
end MKID array yields an enhancement in the median R of the
single-end MKID array by 20-30%. This improvement is pri-
marily attributed to the increase in the radius of the resonance
circle. It is worth mentioning that this method can also be
implemented in systems utilizing superconducting parametric
amplifiers? 14,
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Appendix A: Reflection of the Resonator with Mis-match

The Z;, of the system can be calculated as

Z3(Zr + Zp)

Ty = Zy 4+ 22T 20)
nm AT Y (L + 20)

ShH

The S1; can be obtained as

g — Zin— 2o _ Z3(Z] —|—Zz) + (Z] —Zo)(Z() —|—Zz)
N Zu+20 L3220+ 21+ 20) + (Zo+21)(Z0+ 20)
(52)
with
N 2721 +2Zy)(Zr + Z,
2, = 2 +2%) %+ Z) (S3)
220+ 721+ 25
Then, Sy is
AZ3 +T
p= 220 (s4)
1+273/7
with
Z1+2,
A= (S5)
(Zo+7Z1)(Z0 + 22)
Z1—7Zy
= S6
0 VAR (56)
The S»; can be expressed as
27 1
Sa1 = (1 =) (S7)
220+ 721+ 2 1+275/7y
with
L 0/0—2j0x s8)
1+2Z3/Z() 1+2j0x,
S11 can be segmented into two parts as
Iy
Sii=7v(1-— — )+ = S9
n="n 1+ZZ3/ZO> 1+275/7 (59)

withy=(Z1+2,)/(2Zo + Z1 + Z).
By taking into account of Eq. (S7), Eq. (S9) becomes

L+ 0/0c—2j0x,
S=—5 Sa-T 1+2j0x, (S10)
or
Q/Qc_szxa
Sii=7y—(y—Ty) ———— S11
1n=7—(y—To) 1+2)0r, (S11)
Then, the S;; can be fitted with
Q/Qc—2j0x,
S11=(y—T - = S12
11 =(y—To)(w 1+2jng) (512)

with v = 7/(y—T0) as a complex fitting parameter. For the
single-end resonator, Z, — oo and y — 1. If the resonator is
perfectly matched, Z; = 0 and I'y = —1. Thus, Si; can be
expressed as

0/Qc—2j0x,
1+2j0x,

which is similar with the expression of S1; found in previous
publications.

Siu=1-2 (S13)



Appendix B: The Coupling Quality Factor and Resonance
circle

The coupling quality factor can be calculated as follows.
The energy stored in the capacitor and inductor are the same
at the resonance frequency, which is

1
E=2x ECv2 (S1)

where V is the voltage of the capacitor. The energy dissipated
outside the resonator is

P = |I?Re{R} ~ 0?C2V? Re{ & t21)(%0+ 2) } (S2)

220+ 7\ + 7,
Q. can then be calculated by definition as

E_ C e{ 220+ 721+ 2> }
P_O)Cg (Z0+Z])(Z0+Zz) '

Q=0 (83)

We compare the radius of the resonance circle between the
Si1, S21 and S11-Open. The term in the bracket of Eq. (S12)

Q/Qc—2j0xq

1+2j0x, 54

5}1]1 =%-

is a circle on the IQ plane. The three points on the resonance
circle can be determined as

Y X —>
511)1 =4q % Q/Qc N 2j0xq x=0 (S5)
Yo — 4Q/Q1C;J?Q1Qxa x=1/2

Here we assume Y = -+ j¥. then the center of and the radius
of the resonance circle is

Q

b&%hﬂw—iim+ay4 (S6)
Ry = ngC 4(cha)2 +1 (S7)

Taking into account of the coefficients, the radius of the res-
onator circle of the Sy is

R, =|p1 —T| % 4(Qexq)?+ 1 (S8)

If the resonator is perfectly matched, 151 =0. I'p = —1. In
the case that the Z, — o, which is the case that the MKIDs is
terminated with an open load. 751 = 1 In the case

700 VA + 1 Z1=0 & Z,=0

R, =39
oo VAHOX)HT Z1=0 & Zy=oo

(89)

with 1/0=1/0;+1/Q,. Thus, there is an increase of a factor
of 2 in the resonator terminated with an open load. Similarly,
the radius of Sy

270
220+ 7\ + 7,

0

20

4(Qexa)2 + 1 (S10)

Rt:|

In the situation that Z; = Z, =0,

R, = Oi

4(Qcx,)*+1
20, + 0o V Qe

(S11)
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