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Noise and conversion properties of Y—-Ba—Cu—0O Josephson mixers
at operating temperatures above 20 K
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We have measured the noise performance and conversion efficiency of Y-Ba—Cu—O bicrystal
Josephson mixers at operating temperatures between 20 and 60 K and at operating frequencies
around 90 GHz. A double-sideband mixer noise temperature of about 1600 K and a conversion
efficiency of —10 dB at 20 K operating temperature has been measured using the Y-factor method.
The absorbed local oscillator power was in the range of 10 nW. The dependence of the mixer
performance on the normalized frequerf@¢yand the fluctuation paramet€rhas been studied. In
accordance with the resistively shunted junction model, the experimental data show the presence of
excess noise. The temperature dependence of the mixer noise temperature can be explained by the
variation of the linewidth of the Josephson oscillations with the operating temperatur@00@®
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Mixers based on a single high-temperature superconenergyl c#/2e, wherel ¢ is the critical current of the Joseph-
ductor (HTS) Josephson junction recently became attractiveson junction. Although the mixer noise can be assumed to
devices for receiver applications in long-term remote-sensingxhibit no frequency dependence as long as the operating
satellite missions. Low-noise operation utilizing the ac Jo-frequency does not exceed the gap frequency arid
sephson effect in the THz frequency range is expected akkgT, the overall mixer performance is strongly frequency
temperatures well above 10 K because of the large band gatependent, since the conversion efficienggcales with the
of HTS superconductor materials. Additionally, the Josephnormalized frequency), where Q=w g/wc, w o is the
son mixer requires only low local oscillat@cO) power lev-  LO frequency, andoc=2el:Ry/% is the characteristic fre-
els on the order of several nanowatts, which can be considjuency. In factwc is limited by the characteristic voltage
ered to be a major advantage over Schottky diode mixers/-=1cRy, whereRy is the normal resistance of the Joseph-
Josephson mixers based on several different HTS junctioson junction. Assuming that the mixer is well matched to the
technologies were reported for millimeter and submillimeterradio frequency(rf) input and intermediate frequendgiF)
wave mixing:~3 Grossmaret al. reported on mixing experi- output, the conversion efficiency of the Josephson mixer is
ments at 30 THz using YBE&uO,_; (YBCO) super- given by 7=Rp/Rg(dlc/dl o),° whereRy is the differen-
conductor—normal—superconductor Josephson junctionstial resistance in the bias point af is the rf resistance. A
The mixer noise temperatuiig, , the figure of merit of any simple estimation shows tha} is roughly n=RpX Rgl
mixer device, of 1200 K alf=4.2 K has been measured x 2 for Q> 1. Therefore, the overall mixer performance
using a YBCO step-edge Josephson junction at 345 EHzdeteriorates as the square of the frequency for frequencies
Tarasovet al. have measured mixer noise temperatures ofjreater than the characteristic frequency. Based on RSJ
1200 K at 430 GHz and 1100 K at 546 GHz ahe-4.2 K model calculations, Schoelkogt al. predicted a minimum
using a YBCO bicrystal junctiofBCJ).2 However, the mixer double-side bandDSB) mixer noise temperature ofy,
noise performance at operating temperatures higher than 4220 T for 0=0.5, assumingl'=0.015? Likharev and
K is still unclear. The determination of the temperature desMigulin calculated a minimum noise temperature By
pendence of the device noise is important for the identifica=10.5 TQ? for normalized frequencie® >1, andTy,=6 T
tion of noise mechanisms that limit the mixer performancefor w, o equal to 0.3 (Q=1).° However, these models do
The aim of our work was to measure the mixer noise perfornot include any additional noise sources like noise genera-
mance of BCJs at operating temperatures above 20 K and tbn by carrier transport mechanisms, and therefore these
compare the experimental data with predictions by the resispredictions certainly overestimate the Josephson mixer per-
tively shunted junctiofRSJ model. formance.

As shown in earlier studies, the Josephson mixer suffers  |n order to study the HTS Josephson mixer performance,
from excess noise, which is believed to be self-generated dug/-band waveguide devices based on BCJs were fabricated
to the ac Josephson efféct The mixer noise temperature is on 24° MgO bicrystal substrateg,(=9.6). The pulsed laser
expected to exceed the thermal noise limit by several factorgieposition method was used to grow 50—-100 nm thick
After the RSJ model, the mixer noise depends on the flucYBCO films. In situ dc sputtering was applied to cover the
tuation parameter, which is defined by=2ekgT/%lc, the  superconductor films by a thin layer of gold. We used stan-
ratio of the thermal energisT to the Josephson coupling dard photolithographic processes and ion beam etching to
define the junction and the bow-tie antenna structure. Fi-

AAuthor to whom correspondence should be addressed; electronic maiﬂ?”y’ the junctions were passivated by evaporating a thin
o.harnack@fz-juelich.de SiQ, layer on top of the structure. The rf measurement setup
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FIG. 1. DSB receiver noise and DSB conversion efficiency at different biagFIG. 2. Dependence of the DSB mixer noise temperature and DSB conver-
points. The LO frequency was 90 GHz and the operating temperature wasion efficiency on the operating temperature for a BCJ mixer. The LO fre-
20 K. The best mixer performance can be obtained at bias points betweeguency was 90 GHz.

the Shapiro steps.

) i ) ) middle between the Shapiro steps where the conversion is
consists of a mixer block. w!th two mechanical tuners ,foralso most efficient.
80-120 GHz, assembled inside a bath cryostat. For variable £, measurements at different operating temperatures,

temperature measurements, the block was thermally isolateflg mixer block was heated and temperature stabilized, and
from_the cold plate_ and attached to a resi_stive heater. Both go | o power level was adjusted for best noise temperature
Martin—Puppett diplexer or a beam splitter were used Oy gach temperature. Figure 2 displays the measured depen-
combine the signal and the LO signal. The IF signal wagjence off,, and 7 on the operating temperature between 20
amplified by a room-temperature amplifier at 1.4 GHz, hav,,4 55 K.T, increases approximately with a rate of 50 K

ing a gain of 65 dB. The noise temperature of the IF chairye Kelvin of operating temperature in the temperature range
(Tig=130 K) was calibrated by using a heated 80load as  ¢om 20 to 35 K, then increases dramaticallyTat 45 K. 7

an adjustable thermal noise source. For the receiver nOiSgcreases as the operating temperature is increased because:
temperature measurements 300 and 77 K absorber loads r ' decreasefless rounding of the current—voltage char-
were used as radiation sources at the receiver input and frogbteristics(l-VC)] along with the fluctuation parametdt

the related IF output power levels the receiver noise temperaénd(b) Q increases ak. decreases along with the tempera-
ture Tg was calculatedY-factor methodl. The LO level and ture. Our data give a power law dependence;ef() ~15 at

the tuner positions were adjusted to get a minimum receive{emperatures lower than 40 K andsa- Q ~ 25 dependence at

noise temperature. temperatures above. We do not observe the prediated

For our devices the lowest receiver noise temperature at -2 dependence throughout the whole temperature range
T=20 K was about 2900 KFig. 1). Ic andRy were in the  gjyce the conditiof)>1 is not fulfilled atT<40 K for the

range of 50uA and 140, respectively.. The best conyersio” measured device. The increaseloadditionally reduces the
efficiency 7, not corrected for the IF impedance mismatch, .onversion efficiency at high temperatures.

was approximately—10 dB. An IF noise contribution of Figure 3 shows the dependence of the mixer noise tem-

Tiex7 ~~1300 K yields a mixer noise temperaiure of horatyre onl” deduced from the measured data. The data
about 1600 K, which is about four times higher than pre-

dicted by Ref. 4 and about 13 times higher than predicted by
Ref. 5. For the measurdg at 20 KI" was about 0.01 in this
experiment(the RSJ simulations in Ref. 4 were made under 510000
the same condition Also, the normalized frequency of this
device at 90 GHz was=0.25, indicating that the estimation

of Ref. 4 for the mixer noise temperature should apply here.
A rf receiver noise bandwidth of about 3 GHz around 90
GHz was measured using the same device as in experiments
reported earlief. This fact proves that both sidebands (90
+ 1.4 GH2 were effectively terminated by the absorber load,
hence the mixer operates in DSB mode. A coupled LO
power of about 10 nW was roughly estimated from the re-
quired suppression of the critical currénEigure 1 shows

the measured receiver noise temperatures and the conversion 1000 . — e
efficiency at different bias points at=20 K as a function of 0.01 0.1
the bias voltage. Since the conversion efficiency is propor- Noise Parameter (I)

tional to Ry, the mixer performance deteriorates at the Sha'FIG. 3. Dependence of the mixer noise temperature on the fluctuation pa-

piro steps wherdR is small. As shown in Fig. 1 the best yameterd". Forl'>4x 102 the dependence df, onT is stronger than for

mixer performance can be obtained at bias points in th&<4x1072
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points can be separated into two regimes whereTiél") S 160 . 1450
dependence exhibits two different slopes. As shown in Fig. 3 @ o . ® v

the fits indicate a weaker dependence of the mixer noise & 140 - 0 140
temperature of” in the rangel’<4x 10 2 and a transition 5 o o o Jia0 <
to a stronger dependence in the rardge4x10 2. This 2 120 ; 1420 %
dependence suggests that a temperature-independent noisg D o Z
contribution starts to dominate the mixer noise at low oper- 100F . o 1'% 2
ating temperatures. Moreover, the observigg(I’) depen- = g0l . S 1100 3
dence supports the assumption that internal oscillations ofg o .’ % 190 §
the ac Josephson effect are the main source of excess noisy .| o @‘ S
in a Josephson mixer. The linewidth of these oscillations is E 180
proportional to the low-frequency voltage spectral denSjty 2 49 T S S 70

20 30 40 50 60

of fluctuations, which isS,~R3kgT in the case of Johnson _
noise associated with the normal resistance. At very large Operating Temperature (K)

ﬂucwatlons(hlgh operating temperaturdé;wl), the nonlin- FIG. 4. Dependence of the normalized mixer noise temperafijje

earity in the I-VC is destroyed an®, approaches the _t /T on the operating temperatutteft axis); T, shows a minimum
normal-state resistance. For-T >4X 102, the nonlinear-  around 30-35 K. Dependence of the mixer output noise on the operating

ity is still weak in comparison with the Johnson noise and théeémperaturdright axis.

noise temperature varies linearly with. As I' is further

reduced by decreasing the temperatﬂ@increagesi which the Underlying thermal noise. The Origin of the disagreement
keeps the linewidth large, even as the input Johnson nois@ the experimental data and the theoretical predictions for
fluctuation level decreases. As known from simulations, inthe mixer noise remains unclear. Fluctuations generated by
this range of large differential resistance the Josephson o§arrier transport through localized statemd multiple An-
cillations are very broad and incoherénTherefore, the dreev reflections via defects in the grain boundary barrier in
noise at low frequencies and at the rf sidebands is dominated TS junctions are believed to significantly increase the low-
by the Josephson fluctuations. Since the total power in theggéquency voltage noisg.e., for the linewidth of the Joseph-
oscillations does not depend on the level of thermal fluctuaSOn oscillations to be raisgd=urther studies are necessary in
tions (but on I and Ry), the noise of the mixer is less order to undgrstqnd thgse contributions to the HTS Joseph-
dependent ol in this particular range. However, as RSJ SON mixer noise in detail.

model simulations showed at much lower valued'ofe.g., The authors would like to thank M. Siegel, J. Scherbel,
in the range below 10°, the linewidth decreases effectively D. Diehl, and P. Zimmermann from Radiometer Physics

with decreasing thermal fluctuations. Since a narrow IIne'GmbH for useful help and fruitful discussions. This work is

Vr\?dth contrlbijtes' Ies_s power to the ildeb_ands offthe m'xer_supported by the German Ministry of Education and Re-
t gamounto noise is reduced aggt e mixer performance igearch(BMBF) and in part by the European Community
raised* (However, the rang& <10 2 was not accessible in (INCO—Copernicus projekt
our experiments because of the junction parameters at low
temperatures . . . . . LE. N. Grossman, L. R. Vale, D. A. Rudman, K. M. Evenson, and L. R.
As shown in Fig. 4 the normalized mixer noise tempera- zink, IEEE Trans. Appl. Supercons, 3061(1995.
ture T;,, which is the mixer noise temperature divided by ?H. Shimakage, Y. Uzawa, M. Tonouchi, and Z. Wang, IEEE Trans. Appl.
; ; Supercond5, 2801(1997).
the op_eratlon temperature, doe.s .nOt depenc_l I.mearly on th@M. Tarasov, E. Stepantsov, Z. Ilvanov, O. Harnack, M. Darula, S. Beuven,
operating temperature, but exhibits a flat minimum around g 1. Kohistedt, IEEE Trans. Appl. Supercosd3761(1999.
30 K. Below 30 K, a further decrease of the operating tem-4R. J. Schoelkopf, Ph.D. dissertation, California Institute of Technology,
perature gives a highdr,, . The temperature dependence of i99~|”’: g- J. SChgg'kgggoT(-l géaph'g'ipjv g”g J-I Em:i(jTZings’FerEE TfJa”S-
: - - P : ppl. Supercond3, ; R. J. Schoelkopf, T. G. Phillips, J.
the mixer OUt,pUt r10|se inferred fI’OI’ﬁM mU|tlplled by 77 IS Zmuidzinas, and J. A. Stern, IEEE Trans. Microwave Theory Téch77
also plotted in Fig. 4. As expected, the output noise de- (1995
creases as the mixer performance deteriorates at high ope?k. K. Likharev and V. V. Migulin, Radio Eng. Electron. Phyg5, 1
ating temperatures and nearly reaches the thermal noise Iimg<1980- o , _
t d 60 K. In summary. the (T) dependence and the Van Duzer and C. W. TurneRrinciples of Superconducting Devices and
at aroun : Y, -EVI p } Circuits (Elsevier, New York, 198] p. 199.
measured features of thg,(I') dependence can be attrib- 0. Harack, S. Beuven, M. Darula, H. Kohlstedt, M. Tarasov, E.
uted to a temperature-independent noise mechanism associ(Stepgantsov, and Z. Ilvanov, IEEE Trans. Appl. Supercdd3765
; ; Nlati o (1999,
ate.d WIJ.[h the I.ntemal Josephson oscillations. The deVICeSK. K. Likharev, Dynamics of Josephson Junctions and Circ@®rdon
noise is obviously dominated by the temperature- ,nq Breach, New York, 1986

independent excess noise at low temperatures, rather than . Marx and R. Gross, Appl. Phys. Leff0, 120 (1997.

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



