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Absgtract - A new approach to phase-locking of a Flux Flow
Oscillator (FFO) [1] in a superconducting integrated receiver [2,
3] has been proposed and experimentally verified. According to
this novel concept, a superconductor-insulator-super conductor
(SI'S) junction is implemented both for down-conversion of the
FFO frequency and for for mation of the signal to phase-lock the
FFO to the external reference by applying the Har monic Mixer
(HM) output directly to the FFO control line. In other words,
we introduce a new element of superconductive eectronics,
which is based on the SIS junction and works as a cryogenic
harmonic phase detector (CHPD).

Torealize efficient phase-locking of the FFO the HM output
signal should be maximized. Value of this signal depends in a
complicated way on the HM bias voltage, frequencies and
powers of the local oscillator (LO) and the RF signals. We have
studied the HM theoretically and calculated 3D dependences of
the HM output signal power versusthe bias voltage and the LO
power. Results of the calculations have been compared with
experimental measurements. Good qualitative and quantitative
corr espondence has been achieved.

For demonstration of the FFO phase-locking by the CHPD
we have fabricated specially designed samples: all feedback loop
elements are integrated on the same chip together with the FFO
and the CHPD. The FFO frequency should be equal to a
harmonic of the LO signal applied to the CHPD. Such a PLL
system is expected to be extra wideband due to considerable
reduction of the loop length. This concept is very promising for
building of the multi-pixel SIR array.

l. INTRODUCTION: IDEA OF CRYOGENIC HARMONIC
PHASE DETECTOR

The block diagram of the SIR with conventional Pdystem
to stabilize FFO is presented in Fig. 1; this cqdeas been
successfully used for the TELIS project [4].
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Fig. 1. Block diagram of SIR with RT PLL.

In the SIR with conventional PLL the FFO signal
(frequency of about 600 GHz) is down-converted@0MHz
in the HM by mixing withn-th harmonics of the LO signal
(frequency of about 20 GHz). The intermediate feaguy
(IF) signal is amplified and applied to a semicoctdu phase
detector placed outside the cryostat. The detemtorpares

A Phase Locking Loop System (PLL) based on Cryagenphase of this Signal with one of the stable refeeeﬁgnal of

Harmonic Phase Detector (CHPD) described in thpenteis
a new way of phase stabilization of a supercondgctiux
flow oscillator (FFO) [1], which operates as a hetiyne
source in a Superconducting Integrated ReceiveR)(§#],
[3].

The SIR circuit comprises on a single chip (sizé ofim

frequency 400 MHz; the resulting error signal iplad to
the FFO control line. This semiconductor PLL systeas a
bandwidth of about 15 MHz. Such a wideband PLL esysis
required because the FFO autonomous radiationrsipedtas
a Lorentz shape of width about few MHz. Only linditpart
of the FFO power can be synchronized by such a $istem

by 4 mm) a planar antenna integrated with an s|B]. The semiconductor PLL system has to have loalgles

(superconductor—insulator—superconductor) mixee, EiFO
operating in the frequency range of 400 - 700 GHa the

since the phase detector has to be outside thestatydhe
long cables lead to time delay, which limits the LPL

second SIS harmonic mixer (HM) to phase-lock thédFF synchronization bandwidth.



To overcome the problem of long cables and tand powers of local oscillator LO and FFO signiie have

synchronize the FFO power more efficiently a cryugé’LL

studied the HM theoretically and calculated the 3D

system has been developed [5] - [7]. Bandwidth lé t dependences of its output signal power versus fias b

cryogenic PLL system as large as 40 MHz has bealizeel.
There are two SIS junctions in the loop of the gsmic
system. The first one works as the HM for down-aartion

voltage of SIS-junction and the LO power.
The detailed theoretical description of the SIScfion
under action of microwave frequency signals is giire[8] —

of the I_:FO signal and second junction operates as[®0]. In [8] a simplifying assumption about the dma
Cryogenic Phase Detector (CPD). The CPD compares thmplitude of the input signal and shunting of thighbst
HM IF signal amplified by the HEMT-amplifier with harmonics of the LO by junction capacitance wasduse

reference oscillator signal of the same frequerizy GHz
[5], [6] or 4 GHz [7]). The resulting phase erroigrel
changes the FFO control line current and adjustsRRO
frequency.

Papers [9], [10] involved the method of the SISejion
description in general case, when the powers aftisfgnals
may be of any value. Nowadays the theory [9], [E0the
most complete; it takes into account existence loé t

The novel concept of the FFO phase stabilizatioRarmonics generated by SIS-junction and influentehe

described in this report is based on employmerd single
SIS junction as the HM and

simultaneously. This cryogenic harmonic phase detec

(CHPD) substitutes the HM, the HEMT-amplifier arfuet
CPD in the cryogenic PLL described above. The CHiPD
all loop elements can be placed on the same chip thie
FFO, which leads to loop delay reduction. Such Rlktem
will be ultra wideband that is important for the ®fphase-
locking. A block diagram of the new PLL system li®@n in
Fig. 2. The signals from the FFO and the LO#1 pdied to
the CHPD. The frequency of harmonic of the LO#Inalgs

external elec. The calculations of some charactesisiM on

the phase detect®|S based on this theory are given in [10].
We present the simpler model, which gives us the

opportunity to reduce the time of HM characteristic
calculation and still obtain good qualitative angagtitative
agreement with the experimental data. Let us censide
model of the weakly-interacting quasi-particles endhe
influence of the periodic electric field withoutkiag into
account spin effects as in [11].

Wave function of a quasi-particle with energywithout
applying altering electric field is

equal to the FFO frequency (~600 GHz). The CHPlw = f(x,y, Z)expiEt/n), where f(x,y,7 — certain

generates output signal proportional to the phafereince
between the FFO and the appropriate harmonic oL @wl.
This error signal is applied directly to the FFOntol line
through a low pass filter.

For demonstration of the CHPD operation we us

function of coordinatesi- imaginary unit,t — time, i -
Planck’'s constant. This wave function is the eifgerction of
a non-excited system Hamiltoni&hy. The voltage across the

dyinction is V,, cos@t )+V,,, cosf,t then two periodic

additional SIS Mixer. This mixer operates as a HMignals of frequencieqy, w, and amplitudeé./wl, sz are

(see Fig. 2). It is utilized for observation of thEO radiation
line spectrum and monitoring of the phase lockifiga. The

LO#2 frequency is chosen to obtain the intermedia

frequency of this mixer of about 6 GHz.
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Fig. 2. Block diagram of the system for the FF@cyonization by the
CHPD

Il.  ON THEORY OFHARMONIC MIXER

It is crucial to achieve a high-power HM outputr&gto
demonstrate  effective = FFO  synchronization.
experimental data shows that power of the IF sigieplends
in a complicated way on the HM bias voltage, fretpies

applied to junction electrodes. The hamiltonian cpfasi-

tgarticles system is then:

H=H,+eV cos@t)+ eV, cosfy,t, where H— non-

excited system Hamiltoniand — Hamiltonian of system
influenced by two harmonic signals,— charge of electron.
The new wave function is

W= f(x Y, 2 expCiEt /n {z B expt ircqtﬂ(z G, expf inw, tj

whereB, andC,,, — unknown functions.
Applying this wave function to Schrddinger’'s eqoati
ih%"/’ ~fy We obtain equations fd;,, andC,,

Solution of this Schrédinger’s equation is:

W = f (x) exp(iEt /h)[zz J, (:L:i’l)\]m %)exq—i ey + mw, )1]]’
n m 2

where J (o) Bessel functiom-th order

We can see that quasi-particles energy levelsgiteirgo
levels described by wave functionsW —  with

energie E + micy + micw,; n m=0,+1+2... Probability of

The



occupation of such levels is proportional toharmonic mixer the first signal frequency is clase the

eV eV frequency of second signal harmotici.e. « —kw, < w, -
3, (et (). AT
n hay m ho, Let us put that frequency of RF signal ¢y = 277f., and

for LO signal isw, = 277, . Then current amplitude of IF

Quasi-particle tunnel current is provided by quasi
particles transport between SIS-junction electrodébis
current is described as complex function of curresponse

i(V), hereV is a DC voltage applied to junction. The functior | =+/a,” +bu?,

j(V) is calculated in [12] j(V) =il , V) +I /). Here
[,.(V) is unpumped IVC of the SIS, and th, (V)

relates to thd ,.(V') as Kramers - Kronig transform. gV +

It should be noted that the functigfV) used in the
calculations was measured experimentally. So th@ é¥the b, (V) =3 J.(a) Jm(az)[ @) Jn d@ )= J. (@) I, (a )]*
HM contains information about the gap voltage ahe t mm
current step. 1,V +

The quasi-particle increases its energy 7w when the

radiation quant is absorbed. This is the case icknwith the The dependence of the IF signal’s power versusnipiat
applying voltagezw/ e to junction. Therefore, the tunnel signals’ parameters and the bias voltage acrosgutieion

current is defined by functicj(V +ha/) As far as the has been calculated by the presented formula. &beltrof
e such calculations is presented in Fig. 3.

fe = fae —Nf, is given by

alk (V) = Z ‘]n (al) ‘]m(az)I: ‘]n+1(a]) ‘]m liaz) + ‘]n 1(”]) Jm l(a le*

nha)l+ mw,
e e ”

nhoy + mw, _
e e

guasi-particle is able to absorb several photonth@fenergy
he andhwz, in order to find the total tunnel current we

should sum the current response functions

_‘A
2

jom =1V +%+M) subject to the probability of
e e
the quasi-particle tunneling. The quasi-particengmission

probability of state W to state ¥, is defined by the matrix
elemen<w, |W >, where
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. Fig. 3. Experimental (up) and theoretical (downpetedence of IF
It _ShO_U|d be noted that we can overwrite the curren signal’s power versus LO signal's power and biakiage across the HM.
function in the form: The operating point with the maximum power of Igr&il (-85 dBm) is
© @ ) shown on the theoretical dependence. The FFO freyuis 636 GHz, LO
IV.t)=a,+> Z(Zak coy (@ +ka, N)+ &, sif @+ ko, ))) frequency — 18 GHz (the 8%harmonic of LO is used) as result frequency of
I=1 k=1

IF signal is equal 6 GHz.
This formula shows that the signals of the freqisesnc

described ala +kw, (I andk are integers) are generated on  The experimental studying of such dependences was
the SIS junction. For the practical application tfe made. The dependence IF power versus LO power &sd b



voltage was acquired. The frequency of the RF $igrees
636 GHz, the LO frequency — 18 GHz. The criticalrent of
the SIS junction was suppressed by the magnetit. {&od

qualitative and quantitative correspondence hasn be

achieved (Fig. 3). We used in experiment the Nb;AND
SIS junction with area of 1%uand gap current 90 pA. The
maximal output signal power for described frequesavas
obtained of about - 90 dBm. Our calculations shbat 6 dB
larger value can be achieved at more careful audgist

I1l.  EXPERIMENTAL RESULTS

A test circuit presented by the diagram in Fig.a2 been
experimentally realized. The feedback loop betwienHM

and the FFO was implemented in two ways: by lumpe

elements on a contact plate and by the microsiripsl
directly on the chip.

In our experiment the FFO signal is split into two

channels to pump both mixers. Each part of theaigm

IV. SUMMARY

We propose a novel application of the SIS junctiotie
g]ryogenic Harmonic Phase Detector (CHPD). The
eoretical and experimental studies of the HM hheen

performed. Comparison of the theoretical and expenial
data demonstrates a good qualitative and quanttati
agreement. The concept of the CHPD is experimgntall
realized and the FFO phase locking has been oltaifiee
part of the phase-locked FFO power is not ultimzeause
output signal of HM was not large enough. This peob
would be overcome by utilizing the HM with largeea The
application of a low-frequency superconductive on-chip
%mplifier in the feedback loop looks also very promising.
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