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Numerical analysis of radio-frequency single-electron transistor operation
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We have analyzed numerically the response and noise-limited charge sensitivity of a radio-frequency single-
electron transistofRF-SET in a nonsuperconducting state using the orthodox theory. In particular, we have
studied the performance dependence on the quality f&ztdrthe tank circuit forQ both below and above the
value corresponding to the impedance matching between the coaxial cable and SET.

DOI: 10.1103/PhysRevB.69.195310 PACS nuntder73.23.Hk, 85.35.Gv

[. INTRODUCTION rier” microwave frequency an®@, is the “loaded” quality
factor, which also takes into account the effect of the SET

An important drawback of the conventional single- (see below. The straightforward desi§shown in Fig. 1 can
electron transistdr’ (SET) is its relatively large output resis- be somewhat modified to reduce the bandwidth further for a
tance which should be much larger than the quantum resistense multiplexindg® however, in this paper we will consider
tance Rgp= h/4e®=6.5 k). This limits the operation only the original design.
frequency of the prospective integrated single-electron The RF-SET bandwidth as wide as 100 MHz has been
circuits** and imposes a severe frequency limitation for in-demonstrateti using a relatively high carrier frequency
dividual SET’s used nowadays as electrometers. Estimating/27=1.7 GHz and relatively lowQ factor Q=6. How-
the total capacitance of a wire delivering SET signal from aever, to improve experimental RF-SET sensitivity, it happens
cryostat to outside electronics as 1 nF, we get the time corto be advantageous to reduce the carrier frequency by few
stant on the order of 1 nF10°Q =10 * s; therefore the op- times (to reduce the noise contribution from the amplifier
erating frequency is limited to few kilohertzs, which is a and also increas€ (closer to the impedance matching re-
typical value achievable by conventional SET setupg¢hile  gime), so that a practical bandwidth at present is about 10
the operating frequency can be significantly increased byiHz (for example, the bandwidth of 7 MHz for the carrier
placing a preamplifier in a close vicinity of the SEt,a  frequency of 332 MHz has been reported in Ref).12
more popular solution of the problem is the use of the radio- The high operation frequency of the RF-SET makes it
frequency SETRef. 8 (RF-SET) which in many instances easily possible to avoid the flhoise limitation of the SET
has already replaced the traditional SET setup. sensitivity which is typically dominant at frequencids

The principle of the RF-SET operation is somewhat simi-<10* Hz, and to work in the region of the shot-noise limited
lar to the operation of the radio-frequency superconductingensitivity?>?® Though experimentally the contribution from
quantum interference devitand is based on the microwave the amplifier noise is still comparable or larger than the SET
reflectior?**~?*from a tank (C) circuit containing the SET noise, a relatively rapid improvement of the RF-SET charge
(Fig. _1); another possibility is to use the transmitted sensitivity from 1.2 10 %e/\Hz at 1.1 MHz in the first
wave?>?* The SET input signalwhich is being measurégd experimert to the value 3.% 10 %/\Hz (4.8 in energy
changes the effective SET resistance and affects the intensighits) at 2 MHz reported in Ref. 12 assures us that the pure
and the phase of the reflectédr transmitted wave that is  spot-noise limit will be achieved pretty sodiThese values
later sensed by either homodyne detection or simple rectifizq tg pe compared with the sensitivitka0~%e/\/Hz at 4.4
cation (to separate incoming and reflected waves a direcgy, of g purely conventional SET reported in Ref. 5, the

tional coupler can be usgdrhe high operation frequency of value 8x 10~%/JHz at 10 Hz for the “stacked” SE¥’ and
the RF-SET is due to the signal propagation by the micro- '

wave, so that the SET does not need to charge the whole

output wire, while the tank circuit tuned in resonance works Ro  wiowvy T 14%0)
as an impedance transformer providing a better matching be- (:) T ik Lc
tween the effective SET differential resistancBy Vincos@n Cr o
(~10°Q) and the microwave cable wave impedarRg _mesmmsmwg 10 cy R2chCS2 [4]gs
(typically 50 Q). +Xacosi)+Yasinof+. .. =L

For a good matching the “unloaded” quality fact@ tank circuit  SET  charge source

=(L1/C1)/R, of the tank circuit consisting of inductance FIG. 1. Schematic of the RF-SET. The curré(t) through the

Ly and Cfipac'tanCé:T should be comparable t,QRd/R_O SET (two tunnel junctions with capacitanc€s; andC,;) affects
~50. While a much lower valu®=6, was used in the first  he quality factor of the tank circuitg; andCy) and therefore the
experiment, the values close to the matching condition amplitude and phase of the reflected rf wave propagating along
(sometimes even higheare typically used at present. In- coaxial cable Ry). The change of the source chamggchanges the
crease of th&) factor obviously decreases the RF-SET band-effective SET background chargg and can be monitored via mea-
width limited by ~w/2Q, where w~1//L;C is the “car-  surement of the reflected rf wave.
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the sensitivity 6< 10~®e//Hz at 45 Hz for the SET made of CsCs1

carbon nanotube¥] Cr=Ciyt e ey @
One of important potential applications of the RF-SET is g

for the readout of the charge qubits in a solid-state quantum c.C

computertt16-2129 The possibility of a single-shot qubit C,=Cy+ 9%z 2

measurement requires fast enough distinguishing between Cqt+Cs

two charge states to avoid significant qubit evolution during

measurement. This requires sufficiently wide RF-SET band- — gt Cq @)
width and most importantly good enough charge sensitivity. o= Goo qSCg+ Cs’

The estimatéed show that the single-shot qubit measurement

is almost within the reach of present-day RF-SET perforWhere C; and C, are effective junction capacitancethe
mance; however, reliable measurement still requires signifitotal SET island capacitance @& =C;+C,), and the total
cant improvement in sensitivity. This makes very importantinduced charge of the SET islaig is the sum of the initial
the question of ultimaté&heoretical RF-SET sensitivity. The background chargeg, and the contribution from the mea-
ultimate RF-SET sensitivity is also a crucial parameter forsured charge source. For numerical results we have used the
monitoring quantum  dynamics of nanomechanical‘orthodox” model* for a normal-metal SETsee the Appen-
resonator® 32 (recently the monitoring accuracy within a dix).

factor of 10 from the uncertainty principle has been

achieved®) and for a variety of RF-SET applications as an A. Linear analysis of the reflected wave

electrometer in classical single-electron devices. .
In spite of significant experimental activity on RF-SET's, The curren_1| (t). through_the SE.T affects the quality fac_tor
of the tank circuit consisting of inductande: and capaci-

we are aware of only few theoretical papers on the RFt c hile th tribution to the tank circuit .
SET's. The basic theory of the shot-noise limited charge sen:A¢€~1, Whiié the contribution 1o the tank circuit capac-

sitivity of the RF-SET has been developed in Ref. 34. atance is neglected, assumitly>mayCy; Gy, CaiCo/(Cor

similar theory has been applied to the sensitivity analysis for” C=2)J- (This condition is usually well satisfied experimen-

the RF-SET-based  micromechanical displacemen}a"y; it also allows us to neglect the effect of single-electron
detector®—3” Some theoretical analysis of the transmissiondUMPS ON .the.ta.mk circuit oscillationsThe qu_ality factor of
type RF-SET can be found in Ref. 24. The theory of a some!l€ tank circuitis also affected by the wave impedaRgef

what related device, the radio-frequency Bloch-transistortn€ cable. For a simple linear analysis let us substitute the

has been developed in Ref. 38. In our opinion, the RF-SE'I_SET by an effective differen'_[ial resistanm_. Then, assum-
definitely requires further theoretical attention, since manynd the case of weak damping, we can simply add the con-

questions about RF-SET performance have not yet been afliPutions fromR, andRy, so that the totalloaded quality
swered theoretically. factor of the tank circuit is

In this paper we extend the theory of Ref. 34 to the case

of arbitrary Q factor of the tank circuit, removing the as- Qu=(1/Q+1/Qsen %, (4)
sumption(strongly violated in the present-day experiments

of Q being much smaller than the impedance matching 9 VLt/Ct 9 Ry 5
value. We calculate the response and sensitivity of the Ry ' SET m

normal-metal RF-SET and optimize these magnitudes nu-

merically over the rf wave amplitude and the SET baCk'\_Nhere the unloaded quality fact@ corresponds to the ab-
ground charge. Then we study the dependence of the optiance of the SETRy=, while Qg1 corresponds to the
mized RF-SET response and sensitivity on the tQrflactor, damping by the SET onlyR,=0. Notice thatQ is fixed by
operation temperature, SET resistance, carrier frequency, aRfe RE-SET design, whil®sgand therefore, depend on
SI_ET asymmetry due to asymmetric t_)ias_ing. Some results g}, operating conditions; so even thou@h is a more
this paper have been presented earlier in a short frm. physically meaningful quantity tha@, in this paper we con-

sider unloaded as an independent parameter and call it as
[l. MODEL AND CALCULATION METHODS quality factor.

The schematic of the RF-SET used in our analysis is For t[]e incoming voltage_wav‘emexp@wt), the reercte_d
shown in Fig. 1. The SET consists of two tunnel junctionsWave @Vinexp(af) is determined by the complex reflection
with capacitance€;; and C,; and resistanceR; and R,. coefficienta:

The SET is coupled via gate capacitar@gto the measured

charge sourcéor example, a single-electron box or a similar = Z—Ro
structure, which is characterized by the chargg and ca- Z+Ry’
pacitancesCg; and Cg, to the SET leadsthe total source ) . )
capacitance i€s=Cg; + Cs,). Assuming constangs (ne- Since the measured charge signal changes theA SET resistance
glecting back-action from the SETit is easy to show that Ry, the RF-SET response is proportionald¢aV;,)/dRy.

the SET coupled to the charge source is equivalent to th&sing the first-order approximation close to the resonant fre-
simple double-junction SET structure with parameters quencywq=1/\/L1C+ of the tank circuit,
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L+/Cr . Aw where(l) is the current through the SET averaged over time
Z~—p—+2iLt/Cr =, Aw=w=wo, (7)  much longer tham !, and the time dependence of the SET
d 0 currentl (t) can be found self-consistently from the time de-
(in particular, this approximation neglects the shift of thependence of the SET bias voltage
resonant frequency, which is a second-order effétcis easy _
to get Vp(t)=Vo+uv(t) +[2Vijw sinot+v (1) ]Q/wy. (13)

In this paper we assume that the rf frequency is small com-

_ 2
d_a ~ 2?0 Q s ! . (8 pared to the frequency of electron tunneling through the SET,
dRs R} 14 Q_) (1+2iQ Aw/wy)? w<l/e, so that the SET shot noise is a small contribution
R4/Ro compared to the deterministic part of the SET curndn},

which is calculated using deV curve andV(t) (actually, it
is still acceptable if this condition is not satisfied during
some fraction of the period due to Coulomb blockade, since
%Re small current does not affect the oscillations signifi-
cantly).
_ 5o In a steady statéassuming that the induced SET charge
Q= VRa/Ry, © Jo does not change with timehe reflected wave can only
which is the case of practically matched impedancgs, contain the incoming frequenay and its overtones:
~R,, at frequencies close to resonance, and also corre- "
sponds to the conditio®@=Qsg7t=2Q, . Notice that in this B .
case the reflection practically vanishess0. Voult)= _Vi"costnZl [Xncosnat+Y,sinnwt].
Actually, Eq.(8) is not really relevant, because the rf am- (14)
plitudeV;, should depend o in order to maintain approxi- )
We separate the term V;,coswt mainly to follow the nota-

”_‘lflitﬁ'y consrt]z_an; gmé)h;cudb(d ((j)fbthethSET ltzlas voltalge (f)Sth tions of Ref. 34, even though it really makes sense only for a
cilations, which 1s determined by the voitage scaleé o eIow-Q case alw~ wq, when allX,, andY,, are small. Using

Coulomb blockade. Taking into account the relation the substitutiony (t)=3%_,[ X,cosnet+Y,sinnet] in Eq.
(12), we find the coefficientX, andY, as

For fixed values oRy andRy, this expression increases with
Q for small Q, thus showing the need @J factor increase to
achieve a better RF-SET response. The maximum is reach
at

VinIVp=(Z+Ry) (i oCr+ 1/Ry)/2, (10)
we obtain nwa,— Q(1—n%w?)b
N Gl L)
~ ) n2w2+Q2(1—n2w2)2
de |Vin| —Ro Q |14+ 2iQ Aw/ w
dRy|V,| R2 Q% (1+2iQ,Aw/w)?’ 2Q%(1- w?)?
1+ —~ +=—=——————=-=Vino1in, (15
Rd/RO w2+Q2(1—w2)2
(11)
which is somewhat similar to E¢8) and also reaches maxi- Y.—_R Q”wbn+Q(1—n2w2)an
mum atQ=+Ry/Ry. Notice that this condition optimizes 4 O 252+ Q21— n?w?)?
only the RF-SET response, while the shot-noise-limited sen- 5 ~
sitivity can (and as will be seen later dodsave completely 2Qw(1—w?) Vs 16
different dependence oQ. 2)2+Q2(1—:02)2 in%1n»
B. Full analysis of the reflected wave where
The linear analysis discussed above can be used only as a,=2(I(t)sinnwt), b,=2(I(t)cosnwt) (17)

an estimate because of the significant nonlinearity of the SET ~
current-voltage I-V) dependence. For a more accurate(the averaging is over the oscillation peripé= w/ w is the
analysi$* we use the Kirchhoff’s rules taking into account normalized frequencyd;,, is the Kronecker symbol, and the
the currentl (t) through the SET. Let us separate the voltagecurrentl (t) is calculated self-consistently using the SET bias
Vo+u(t) at the end of the rf cable into the dc compon€gt  voltage

(which can be supplied via the bias-teand rf component
v(t) =V (t) +Vou(t), whereV;,(t)=V;,coswt is the in-
coming wave(from now on we do not use complex repre-
sentation and V,,(t) is the outgoing reflected wave. The
differential equation for the rf componen(t) is

o

w .
Vp(t)=Vo+ 2Qw—0Vinsmwt+nZl [

Qnw
Xpt w—OYn

Qnw .
X cosnwt+ Yn—w—Xn sinnwt|. (18
. . 0
v/wi+v/Qwo+u
b 2 Because of the resonant behavior of the tank circuit at
=2(1— 0 wg)Vincosot—Ro[ 1 (1) =(1)], (120 @>1, the contribution of overtonesi&2) in the reflected
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signal is always small itb~ w (since the overtones are far whereR=R,/R,>1 (these equations can obviously be re-

from resonance This can be easily seen from Eq$5) and  written in a shorter way; however, they become less trans-
(16), especially in the case=w,, when they are signifi- parent to analy2e

cantly simplified: Equations(23) and(24) significantly simplify in the case

w=w0:
na,—Q(1- nz)bn
n2+Q3(1-n?? "’

X,=RyQ (19

_ 2QXQ*+R)

rm in s (25
v - R nb,+Q(1—n?)a, 20
n— OQ n2+Q2(1_n2)2 ’ Y. = _2Q3 v (26)
SR Q2

Therefore, a linear(one-frequency approximation in
which onlyX, andY; are taken into account works very well from which it is clear thatY,/X,;|<1 for Q>1, and there-
in this case. In our numerical analysis we used the result ofore
the linear approximation as a starting point of the iterative 20RV
procedure [Vy(t)—(a,,bn)—(Xn,Yn)—=Vy(t)—---] to _ in .. .
solve self-consistently Eqg15)—(18) taking into account V()= Vot 0%+R Sinwt=Vo+2Q Vipsinwt. (27)
few (typically 3—5 overtones. We have checked numerically
that the account of overtones typically gives a small correc-
tion in the case of a reasonably lar@efactor andw~ w,.
Since in the linear approximation the SET bias voltage So far we have implicitly assumed that the SET current
has only one-frequency componeit,(t)=V,+Aysin(wt  [(t) depends on time only because of the periodic time de-
+ ¢), for the calculation ofi; andb; [see Eq(17)] the SET  pendence of the SET bias voltayg(t). However,I(t) has

C. Response and noise-limited sensitivity

can be simply replaced by the effective resistance also a small noise component, the magnitude of which de-
pends on the bias voltage and therefore also has a periodic
7Ap time dependence. The shot noise of the SET current leads to
Ri=—%, . . ' (22) the fluctuations of the parameteas andb,, defined by Eq.
fo I (Vo+Apsinx)sinxdx (17) and consequently to the fluctuations of the reflected

wave quadrature amplitudegquadratures’) X, and Y, .
wherel (V) is the SET current-voltage dependeniddotice  Since the noise oK, andY,, can be meaningfully discussed
that [571(Vo+ ApsinX)cosxdx=0, i.e., there is no contribu- only at frequencies less thas'Q, , which is much less than
tion to the effective reactande. the typical frequency/e of electron tunneling in the SET, it

Hence, this lineatone-frequencyapproximation is com- is sufficient to consider the low-frequency limit of the SET
pletely equivalent to the case of a resistor instead of the SETEhot noise.
considered in the preceding section. The only new condition The low-frequency spectral densities af and b, and
is a self-consistent relation between the effective resistancéeir mutual spectral density can be calculated as
Ry and the amplitudé\, of the SET bias voltage. The am-

plitude A, (which depends omRy) can be calculated either San=4(S(Dsirnwt),  S,=4(S(t)cosnwt), (28
;igg Eq.(10) in which A,=|V,| or using Eq.(18), which Sunbn=2(S (Dsin2net), 29

where the averaging is over the oscillation peri&t) is
Ay= \/[Q;(zvin_x1)+yl]2+(xl+ Qz,yl)Z, (22 the low- (zeroJ frequency spectral density of the SET cur-
rent (see the Appendix and the time dependence comes
while the componentX; andY;, are given by equations  from the oscillating bias voltag®,(t). Consequently, the
low-frequency spectral densities &, and Y,, fluctuations

;2+(1_;2)§1+(1—62)§ and their mutual spectral density are
2Q? 2+R :
Xl:chiife Q1+(1 ?2)~R]2 Vie, (29 Sxa=Ca(S (Dsinwt) + di(S () cosnot)
~2. (sz‘;’z —cndn(Si(t)sin 2nwt), (30

Syn=0d2(S(t)siPnwt) +cX(S(t) cognwt)

1+ (1- @R ~ o
_Q1+(1-0? ]+(1_w2)R +Caln(S (D)sin 2nwt), (31)

_ 20Q Q%+R
Q%+R Q1+ (1- w?)R]?
(Q*+R)?

1 in»

Sxnyn=Cndn(S(t)cos Mwt)+ 3(d2—c2)(S(t)sin 2nwt),
(32)

.
(29 where
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2R0QnZ) ferent phase shift taqa=(dY/dqs)2{(dX/dqs) tr21alt/2Ieads to
Cn—n2;,2+Q2(l—n2;2)2’ (33  the responsdx*/dqsz[(dX/dqs) +(dY/dqg) ]~ _
Let us also consider the case when the reflected wave is
) o~ 2 monitored by simple rectification. Assuming for simplicity
_ 2R,Q(1—nw?) (34) the monitoring of only the first harmonic amplitudé,
n2w2+ Q3(1—nZw?)?’ =[(X—V;y)?+Y?]*? (overtones are filtered oytthe RF-

. . i . SET sensitivity can be calculated as
Notice much simpler equations ftsyl and SYl in the case

= 80sa1 _[(X=Vin)?Sx+ Y28y +2(X—Vin) Y §v]
1 ’ (40
SY1=4R(2,Q2<S|(t)cos’-wt>. (36) while the response is obviously dA;/dgs=[(X

—Vi,)dX/dgs+YdYdgs]/A;. The formulas for monitoring
The change of the measured chaggecan in principle be of nth overtone are similar, except théj, does not contrib-
monitored via the change of any quadratdeor Y,,. The  ute to the amplitude\,.
correspondingesponsescan be defined as the derivatives  In the casew= wg, which is of the most practical impor-
dX,/dgs or dY,/dgs, while the correspondingensitivities ~ tance, the magnitude of is small in comparison witiX for
(minimal detectable chargéqgs for a small measurement Q>1 [see Egs(25) and(26)], and the correlation factdt

bandwidthAf) are also vanishegbecausal; =0 and the SET bias voltage con-
tains mostly the sine component—see E2y/)]. Then Eq.
VSxpAf VSypAf (39 for the best homodyne detection practically coincides

5q$,><n=my 5q$,vn:m- (37 with Eq. (40) for rectification and reduces to the sensitivity
80s.x/ VAT=/S/(dX/dqg) for monitoring of X quadrature

Numerical calculations show that in the usual case only (similarly, the formulas for response also practically
~w, thus defined RF-SET sensitivity for overtongs=2)  coincidg. Because of that, the numerical results for RF-SET
can be comparable to the sensitivity using the carrier frefesponse and sensitivity in the case=w, will assume
quency fi=1). However, because of relatively small ampli- monitoring of X quadrature.
tude of reflected overtones in this case, their monitoring is Since the increments of the measured chaygend the
impractical, and so we mainly consider monitoringgfand  effective SET charge, are related by a constant factor,

Y, which are referred below as andY.

Monitoring both quadratureX andY simultaneously, one 60s= qo(1+Cs/Cy), (41)
can improve the sensitivity compared with monitoring of the RF-SET response and sensitivity in respeaid@nd in
only one quadrature. It is easy to show that the resultingespect tay, differ by the factor # Cs/Cq. All our numeri-
sensitivity can be obtained as the optimization over argle ca| results will be in terms ofj, measurement, so foxX
of the sensitivity corresponding to monitoring the linear monitoring we will use the derivativdX/dq, as a measure

combination X* =X cose+Ysine (experimentally, this is  of the RF-SET response and the magnitude
just a phase shift in the homodyne detector; notice that the

contribution — V;,coswt is noiseless by assumptipnThe 59 JSy
optimum sensitivity is achieved at tan=(SxdY/dqgg \/ﬁ: Tdx/dag (42
— SxvdX/dqgg)/(SydX/dgs— Sxyd Y/dgs) and the resulting 0
sensitivity is as a measure of the sensitivity.
1/2
Qs xx SxSy—Sky lll. NUMERICAL RESULTS
- 2 2 '
Jaf sy(d_x> +5X(d_Y) — Yd_X d_Y We have studied numerically the dependence of the RF-
das das dgs das SET response and sensitivity on various parameters, which
include “fixed” parametergwhich cannot be easily changed
which can be rewritten 3% in an experiment and the parameters of the operating
point. The fixed parameters are the following: effective
80s x 1—K2 12 junction capacitances of the SET; and C, (we assume
— = ) C,=C, unless mentioned otherwiseresistanceR; and
VAT [(8dsx) "2+ (80sy) "2~ 2K/ 8ds x3ds v we . ,

R, (we always assumB;=R,), temperaturdl, cable wave
impedanceR, (we always assumBy=50(2), the tank cir-
whereK =Sy /y/SxSy sgr (dX/dqs)(dY/dqs)] is the noise  cuit frequency wg=1/{JL+Cy, and the quality factorQ
correlation factof Syy is a real magnitude because we con-=/L1/C+/R,. The operating point parameters are the effec-
sider only low-frequency sensitivity; for finite frequen8yy  tive SET background chargg,, dc bias voltage/,, ampli-

in Eq. (38 would be replaced by F8gy]. Notice that the tudeV;, of the incident wave, and its frequenay (in most
response optimization foK* monitoring is achieved at dif- cases we assume= wg).
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FIG. 2. Contour plots ofa,g the RF-SET respong#X/dq, (in
units Cs*) and (b,d) the noise-limited sensitivitydgo/vAf (in
unitse\RsCs) on the plane of the SET background chaggeand
the amplitude V;, of incoming rf wave for Q=50, T
=0.01e%/Cy , Ry /Ry=2000, andv = wy. V=0 for panelga) and
(b), andV,=0.5¢%/Cy for panels(c) and(d).

We use the SET parameters for normalization, so that
natural unit for temperature i®*Cy (where Cy=C;
+C,), the voltage unit ise/Cy, the RF-SET response
dX/dqg (ordY/dqy) can be measured in unitsCly, and the
unit for sensitivity 5qq/ AT is e(RyCs)*? (WhereRy =R;

+R,). Notice that all considered magnitudes have a simpl

scaling withCy (if the temperature scales accordinglyow-
ever, there is no simple scaling wits because of the di-
mensionless parametBs /R,.

A. Operating point optimization

Figure 2a) shows the RF-SET respons/dq, on the
plane of operating point parameteyg andV;, for the case
Q=50, Ry /Ry=2000 (i.e., Ry =100 k2), V=0, 0=y,
and T=0.01e%/Cy (the SET is symmetricC,=C,, R,
=R,). Figure Zc) is similar, except,=0.5¢%/Cs . We do
not showdY/dq, because it is practically vanishing. Be-
cause of the same reason, the sensitisify/Af shown in
Figs. 2b) and 2d) is calculated using only quadratuxe

PHYSICAL REVIEW B 69, 195310(2004

angles in the lower left corners of FigsaP-2(d)], and they

are also poor whelW;, is much larger than this condition
(notice that better response corresponds to ladgeidqp,
while better sensitivity corresponds to smalldgg). Even
though the regions of relatively good response and sensitiv-
ity are similar, the maximum response and optimum sensi-
tivity are achieved at quite different points in thg,-qq
plane. In particular, the amplitudé, of the incoming wave

is significantly larger for maximum response than for best
sensitivity.

In the present-day experiments, maximization of the re-
sponsgFigs. 4a) and Zc)] is still of the major importance,
because the noise from the next amplifying stage is still sig-
nificant[if a large constant noise had been adde8in Eq.

(42), then the sensitivity would be mainly determined by the
denominatord X/dqy]. However, if the amplifier noise is
small compared to the contribution from the SET shot noise,
then the best operating point should optimize the shot-noise-
limited sensitivity[Figs. 2b) and 2d)]. In the case of com-
parable contributions from two noises, we have a trade-off
between two regimes. In this paper we will concentrate on
the analysis of the maximum respor($4R) mode and opti-
mized sensitivity(OS mode, keeping in mind that experi-
mentally optimal regime is somewhere in between, depend-
ing on the amplifier noise.

Figure 3 shows dependence of the respah¥&dq, and
sensitivity 5o/ Af on the dc bias voltag¥, in the MR
and OS modesgoptimizations are oveY;, andqg). Several
curves on each plot are for differe@ factors,Q=10, 30,

50, 70, and 90, while other parameters are similar to the
parameters of Fig. 2. One can see that the best response in
both MR and OS regimes as well as the best sensitivity in the
OS mode are achieved ¥=0. This is because both posi-
tive and negative branches of the symmetric 3BT curve

<E‘see Fig. 10 in the Appendixontribute equally av,=0,

and therefore the signal is maximal.
In the MR mode atVy=0 the optimum background
charge[see Fig. Pa)] is aboutgy~0.1% (so the Coulomb

é)lockade threshol®, is about 0.8/Cy) while the optimum

amplitude A, of the SET biasV, oscillations is about
1.1e/Cs (these numbers have only weak dependenc&pon
while the optimumV;,, obviously depends o® quite signifi-
cantly). WhenV|, starts to increase, it becomes advantageous
to increaseqy (so V; decreaseswhile A, stays approxi-
mately constant, so that both positive and negative branches
of the SETI-V still contribute both to the response. How-
ever, since these branches cannot contribute in the optimal
way, the response decreases With see Fig. 8)]. For large
enoughV, it becomes preferable to use only ofpositive
branch[this regime corresponds to the lower maximum in
Fig. 2(c), while the upper maximum corresponds to the two-
branch regimg then the optimal wave amplitude drops to
Ap,=0.2e/Cy and the optimalj, corresponds td/; slightly

Both the response and sensitivity are obviously poor whemboveV,, (by about 0.08/Cs). This change causes the kinks
the amplitude of oscillations at the SET is below the Cou-on the response curves in FigaBand jumps down on the

lomb blockade threshold/, [this happens aW,;,<V/2Q
where V= (e/Cs)(1—2qgq/€), and corresponds to the tri-

sensitivity curves in Fig. &). Notice that in the MR mode
the sensitivity atvy=0.5¢/Cy is better than a¥,=0.
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FIG. 3. Dependence dh,b the RF-SET responséX/dq, and modes.T=0.01e%/Cy , Ry /Ry=2000, andw = w,. Notice mono-
(c,d) sensitivity 5q0/\/ﬂ on the dc bias voltag®, for several tonic worsening of the sensitivity witlQ. The horizontal dotted
values of the tank circui) factor. V;, and g, are optimized for  lines in (b) show the lowQ low-T results(Ref. 34 corresponding
either maximum respon$#IR mode, panel$a) and(c)] or optimal  to Egs.(43) and (44).
sensitivity[OS mode, panelgb) and (d)], while other parameters

— 2 _ —
areT=0.01e"/Cs , Ry /Ro=2000, andw= wo. which shows the response and sensitivity in the MR and OS

In the OS regime the optimal amplitude is significantly modes forT=0.01e%/Cs, Ry /Ry=2000, andw= w,. The
less than in the MR regime. It depends mainly on temperaresults are presented fofy= 0 (thick lineg, which provides
ture, and for parameters of Fig. 3 the OS amplitAgeat the  the best MR and OS response and best OS sensitivity, and
SET is typically between 0.08 and 0.1 in unitsesCy . The  also forV,=0.5/Cs (thin lines, which is a typical value
“above blockade” voltageVo+ A, — V¢ is few times smaller  for the case when only one branch of the SEV is in-
thanA,, and is comparable to the temperature. The best sefplved. One can see that the respod¥éd g, grows linearly
sitivity is achieved aV/o=0 when both branches participate, with Q at smallQ [see Eq(11)] and reaches the maximum at
while at large enougWV, when it becomes preferable to use Q around 50(this number is somewhat different for different
only one branch, both sensitivity and response practically dgegimes; for example it is almost 70 for the thin solid Jine
not depend orV, [see Figs. @) and 3d)]. which is close to the crude theoretical estimafBs /R,

In both MR and OS modes the RF-SET performance be=-45 for the impedance matching. However, unlike in the
comes significantly worse whevi, approache®/Cs . This  |inear model, this maximum does not correspond to the exact
is becausé/; can no longer be slightly abow&, and so the  impedance matching. For example, the impedance matching
optimized operating points move to new positions corre{minimum of reflection occurs atQ=100 for the upper
sponding toV;<V,, which leads to the decrease of responsecyrve in Fig. 4a) and atQ==80 for the curve second from
[Figs. 3@ and 3b)]. Noise-limited sensitivity worsens even the top, while for two lower curve$OS modg it does not
more significantl){Figs. 3C) and 3d)], because it is affected occur at all in a reasonable range@_f
by both decrease of the response and increase of the shot|n contrast to the response behavibie RF-SET sensitiv-
noise due to increased current. The RF-SET performance injty monotonically worsens with increase of Qualitatively,
proves somewhat whewi, exceed®/Cy (not shown in Fig.  this happens because the noBgehasQ? scaling[see Eq.

3) and then worsens again with further increasé/pf (35)], while the responseX/dq, has slower thai® depen-
dence[see Eq(11)]. This simple analysis predicts the para-
B. Dependence on factor bolic dependenceéqyec1+Q?/(Ry/Ry), which crudely fits

The dependence o factor is summarized in Fig. 4, the curves in Fig. &) usingRy/Ry about 1.5-3 times larger
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than Ry /R, though the curves in Fig.(8) actually have e Ty p EE————
slower than parabolic dependences at la@ge | (@) 1 Vy=0 (b) [

Comparing the MR and OS modes@t=30 (we choose Foosle [ ] [
some typical numbgiandV,=0, we see that the MR regime 0015 1 “\\"*-":\ [ ] [
provides about 40% larger response, while the OS regimeg_‘;‘ ] 0=10 \\"“: IR TT T |
provides about twice better sensitivity. Even though these & ¢10]---- g=30 S oo N ,:,7.3..:;:.'_
numbers depend significantly on the temperature and als 1t 0=50 ] ~t
depend omQ andRs /Ry, they show that the results for the ] ] i
MR and OS regimes are not too much differénot by an 0.0054_._._ =170 F+—— I
order of magnitude Joere =90 [ ] [

Comparison of the casd4=0 andV,=0.5¢/Cs shows oooo: MR mode | ] OS mode [

that for the MR and OS responses as well as for the OS

———————— ———————r—
o . ; 000 0.02 0.04 0.06 008 000 0.02 0.04 0.06 0.08 0.10
sensitivity there is no much difference between these two

2 2
cases, and the relative difference decreases @itim con- THe'/Cy) The'ICz)
trast, the difference between MR sensitivity\4=0 and at B0t e 1.,
Vo=0.5e/Cy grows withQ and can become significant. —0=10 () <t
The low-Q limit of the OS sensitivity forVy=0 is well 25y ----9=30 2
described by the formufa (which also assume<e?/Cy) g
20
800/ VAF=2.6%(RsCs) Y4 TCy /€?)12 (43) 3
15
[we do not use a shorter formula 265(Rs T)"? to empha- Q::'
size natural normalizatiofs and similar limit for V, = 10
=0.5e/Cy (one-branch cageés close t3* &
05
500/ VAf=3.34(RsCs)YATCy 1€9)2 (49 oo ]
[see Fig. 4b)]. However, the theory of Ref. 34 which as- 0.00 002 0.04 006 008 000 0.02 0.04 0.06 0.08 0.10
sumesQ<<\Rs /Ry is not able to describe significant change T/(eZ/Cz) T/(ez/Cz)

of the sensitivity withQ in Fig. 4(b). One can see that this

dependence is even more significant in the MR mode. FIG. 5. Dependence db,b RF-SET response ar@,d sensi-

tivity on temperatureT in the MR and OS regimes for sevei@l

factors.Vy=0, Ry /Ry=2000, andw=w,. Lowest dotted line in
C. Dependence on temperature and SET resistance (d) is Eq. (43).

The numerical results on temperature dependence are o
shown in Fig. 5 forRy /Ry,=2000 andw=w,. Similar to Figure 6 shows the response and sensitivity dependence
F|g 3 we show on four pane|s the respord;&/dqo and on the total SET jUnCtion reSiStan% for T=0.0182/C2,
corresponding sensitivity in the MR and OS modtke op- Vo=0, andw=w, (we show results only foRy /Ry>500,
timal dc bias value/,=0 is usedl. It is important to notice because aRs<25 K the theory is too inaccurate due to
that in the MR mode both response and sensitivity almost d@eglected  cotunneling processesin the cas& Q
not depend on temperature B 0.0%%Cy , and the RF- <Ry /R, the responseX/dq, scales aRs * [see Eq(23)]
SET performance is still reasonably good at temperatureand the sensitivitysq, /A scales angz [see Eq. 438 Cor-
~0.1e%/Cs (response and sensitivity change less than twicgespondingly, the solid linesQ=10) in Figs. a) and &b)
compared to zero-temperature dade the OS regime the are practically straight lines passing through the origin, and
response also has a very weak temperature dependenceiraFigs. §c) and &d) the solid lines are practically horizontal
T<0.0%?/Cy ; however, the sensitivity is strongly tempera- [the level determined by E¢43) is shown in Fig. 6d) by the
ture dependent. The lo®- OS sensitivity can be accurately lowest dotted line, which fits well the solid liheThe depen-
described by Eq(43) up to temperatures-0.0%%/Cs [see  dence orRy becomes nontrivial wheRs /R, is less or com-
the lowest dotted line in Fig.()], and the curves for larg®@  parable toQ?. It is interesting to notice that the inverse re-
factors also follow the scalingq,/\Af=TY? at tempera- sponse remains a practically linear functionRy even for
turesT<0.0%?/Cy . In the orthodox theory thig'? depen-  largeQ, as seen in Figs.(8) and &b) (the slope of the lines
dence is valid even at very small temperatures leading tdecreases witlQ while the offset increasgsin particular,
infinitely good sensitivity 6q,/vAf—0): however, in real- this means that in the orthodox model the RF-SET response
ity the neglected contribution of cotunneling processes becontinues to increase with the decrease of the SET resistance
comes significant in the OS regime at sniklthat changes €ven when the matching condition is overshot. Decrease of
the formalisn?>*° Comparing the results for MR and OS Rs close or beyond the matching condition worsens the sen-
modes, we notice that while they are significantly different atsitivity in comparison with the scalingqo/Af<RY? [see
low temperatures, the difference decreases with temperaturgigs. 6c) and &d)]. In the MR mode the sensitivity worsens
so that aiT~0.1e?/Cy the MR and OS results are already with decrease oRy even in absolute unitse( VHz) when
quite similar. the matching condition is sufficiently overshot, while in the
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FIG. 6. (a,b Inverse response and,d) sensitivity in the MR FIG. 7. (a,0 Dependence of the RF-SET response &od)
and OS regimes as functions of the SET resistdticéor severalQ  sensitivity on the dc bias voltagé, for several values of the effec-
factors atT=0.01, Vo=0, andw = w,. tive asymmetry of the SET capacitancds=0.01e?/Cys, Q=50,

Rs /Ry=2000, and w=wy. Notice that the SET asymmetry
OS mode the sensitivity still improves with the decrease of“asymmetric biasing) slightly improves the RF-SET perfor-
Rs in absolute units, in spite of worsening comparecRé@ mance.

scaling.
Therefore it is interesting to find if the asymmetric biasing
D. Effect of asymmetric biasing(C,#C,) (C,#C,) is better or worse than the symmetric casg, (
:Cz)

Now let us discuss the effect of asymmetric effective ca-
pacitances of the SET junction§;; #C,. Even when the
physical junction capacitances are equay;=C,;, the ef-

Figure 7 shows thé&/, dependence of the RF-SET re-
sponse and sensitivity in the MR and OS modes for several

focti . A qc be signif \V diff ratios C,/C, (with fixed total capacitanc&€;+C,). One
ective capacitanceS, andC, can be significantly difierent .., see that in the asymmetric cases the best MR response

Whe_n the gate capacitan@, is C(_)mp_arable _to junction ca- 54 g sensitivity are achieved at nonz¥gpand are typi-
pacitances. In our model shown in Fig. 1 this happens due 1,y petterthan the corresponding values for the symmetric
asymmetry of signal source capacitanc€ #Cs, [S€€ 556 Therefore, thasymmetric biasing is actually prefer-
Egs.(1) and(2)]; in RF-SET experiments this effect s called 56 (that eases the concern about this issue discussed in Ref.
asymmetric rf b|a§|ng of the SET. Fpr the .convent|onal 11); however, the advantage is rather minor. In particular, the
SET setup, the biasing asymmetry is not important at allgg sensitivity in the asymmetric case is still limited by Eqg.
because .Of the formal SET equivalence under(44); therefore the possible improvement is less than the sen-
transformatiofy sitivity decline due to highQ factor[see Fig. 4b)], and even

C;—Cy+AC, Cy—Cy—AC, Go—0o—VpAC less because of the difference between E43). and (44).

(45)

for arbitrary AC, which means that the asymmetric biasing
(different C; andC,) can be simply corrected by the back-  So far we have considered the resonant easao. [Ac-
ground charge shift. However, for the RF-SET there is ndually, the exact resonance is at the frequenrey wq(1
simple equivalence because the bias voltsgechanges i —1/2Q3%,) which is very close tow,.] In this case the
time. (Effective capacitance asymmetry can still be con-quadrature amplitudX is much larger thary (at Q>1) and
trolled by an addition of the extra rf signal to the SET gate. therefore the RF-SET response and sensitivity in respect to

E. Carrier frequency detuning from the resonance
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0.025 L L curves, which correspond to monitoring the componefits

JMR mode (@)} 08 mode ®  (thick solid line, Y (dashedl optimized phase-shifted com-
[ | — |dX/dgy|C;

0.020

bination X* (thin solid, and amplitudeA (dotted ling. At
m ] each frequency we perform optimizations of the response
% 0.015 ] (MR mode and sensitivit OS mode over V;,-q, plane for
8 all four monitored magnitudes, so the optimizations are dif-
E 0.010.] ferent for different curves. Th@ factor is equal to 50, which
] is close to the estimate of the impedance-matching vi@ee
0,005 ] also Fig. 4; however, instead of the naively expected value
T Q. =Q/2=25 for the loaded quality factor, it i®, =40 in
] the MR mode sinc&sg1= 199 (these values are calculated
°'°°°°95' at w= wq using effective SET resistancelhe shape of the

X-response dependence in pafalis close to the prediction
of Eqg. (11) using Q, =40, though the minima do not reach
zero and the curve beyond the minima is shifted up. The MR
Y-response is practically zero at=wg (sinceY vanishey
however, it becomes comparable to the resoxargsponse
at some frequency detuning; the overall shape is close to the
prediction of Eq(11), but the maxima are about 15% higher.
The MR A-response curve is about 50% wider than the pre-
diction of the linear theoryusingQ, =40) and is very close
to the curve for monitoring optimal phase-shifted quadrature
- I X*. As expected, thé and X* -responses are better thxn

J 5 and Y-responses at finite detunindor both MR and OS

' MR mode| 1 08 mode| modes. -
1Y 78— — ———————— The sensitivity(both OS and MRfor X* or A monitoring
0.95 1.00 0.95 1.00 1.05 at finite detuning is also better than f§or Y monitoring. An
o/og /oy interesting observation is that while the RF-SET response

decreases with detuning, the sensitivity slightly improves

FIG. 8. Frequency dependence of tteh) RF-SET response - . L ; 7
and (c,d) sensitivity in the MR and OS modes. Each panel shOWSWIth detuning forX* andA monitoring. This effect is similar

four curves corresponding to monitoring ¥f quadrature(thick  (© the sensitivity improvement with the decreaséfactor
solid line), Y quadrature(dasheg} their optimized phase-shifted (€€ Fig. %
combinationX* (thin solid), and the first harmonic amplitud&
(dotted. Q=50, TZO'OIEZ/CX' Ry /Ro=2000, V,=0. F. Monitoring of resonant overtone
monitoring of X quadrature practically coincide with that for  |n experiments the incoming rf wave is usually tuned
monitoring the reflected wave amplitude(we denote with  close to the resonance with the tank circuit; in this case the
A the amplitudeA; of the first harmonik or monitoring the  contribution of overtones in the reflected rf wave is small in
optimized phase-shifted combinatiofi =X cose+Ysing.  spite of significant SET-V nonlinearity(the SET nonlinear-
The detuning ofv from the resonant frequenay, leads to a ity has been recently us&dfor rf mixing). However, if the
significant magnitude oY quadrature and so to different re- nth overtone is in resonancey~wq/n, then the reflected
sults for different ways of reflected wave monitoring. wave may have a significant contribution from this overtone,

For a small frequency detuninjw=w— w, the simple  and the RF-SET operation can be based on monitoring this
linear analysis using Eq(11) predicts the nonmonotonic overtone®® The use of different frequencies for the incident
shape of thex-response frequency dependence with zeros aind reflected waves may be advantageous for some applica-
olwy=1%1/2Q, and with the full width at half height tions. Also, it may be useful to have the absence of the moni-
(FWHH) equal to 0.53,/Q_; while for the amplitude tored reflected wave when the SET is aib curren), while
monitoring it predicts FWHH of\3w,/Q, . [Equation(8) in the conventional regime this case corresponds to the larg-
which assumes botRy andV;, being frequency independent est reflected power. One more possible advantage is some-
gives the response FWHH equal t5—2)"?w,/Q, and  what easier control of the amplitude of the SET bias voltage
wo/Q, for X and A monitoring, respectivelly In reality the  oscillations, since now it is more directly related to the inci-
situation is more complex because even neglecting the nomlent amplitudeV;,, while in the usual regime the relation
linear contributions, the effective SET resistariRg (and  depends orQ, [see Eq.(27)] which varies with operating
thereforeQ,) depends onV,(t) amplitude, which depends point. (The disadvantage is that the incident amplitig
itself on w, Ry, andV;,. Moreover, the optimized point in should be much larger than in the usual regime, which may
the Vi,-qo plane is also frequency dependent. lead to the heating problems.

Figure 8 shows the numerical results for the frequency Figure 9 shows the RF-SET response and sensitivity for
dependencedin the vicinity of the resonangeof the opti- w=wy/2 andw= wy/3, in respect to monitoringy, and Y3
mized response and sensitivity. Each panel shows fougorrespondingly(the X quadratures are smallWe useV,
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L R L —————— sensitivity (OS mode. The rf amplitude for the optimum
sensitivity is typically significantly smaller than for maxi-
mum response. The MR mode is the best experimental re-
gime when the preamplifier noise is much larger than the
contribution from the SET noise, while the OS mode is the
best when the preamplifier noise is negligible. Analyzing the
performance dependence on the SET dc bias voltage, we
have found that the best response and sensitivity are
achieved at zero dc bias, though finite biasing does not
change the RF-SET performance much as long as it is within
the Coulomb blockade range.

We have found that the dependence of the RF-SET re-
sponse on the unloaded factor of the tank circuit has a

WY/dgq| Cs, |dY3/dgq|Cs

25—t L L b L B maximum atQ comparable to the simple impedance match-
]~ MR mode ing estimate\Rs /R,. In contrast, the RF-SET sensitivity
g 203777 OS mode monotonically worsens with increase @f the dependence is
S Ls ] approximately parabolic and the sensitivity can worsen by a
§ e few times(compared to the lov@ case if Q is chosen too
N 1.0-: large. This means that to improve the sensitivity in an ex-
ot ] periment, it is better to “undershoot” th@ factor compared
) 0‘5_: B mEmEmrErT to the impedance matching case than to “overshoot” it.
g 17T e Studying the temperature dependence we have found that
00 ] ———————t the RF-SET response saturates approximately at tempera-
0 10 20 30 40 50 60 70 8 tures T<0.0%%Cy, which translates into 200 mK for a

o typical capacitance valués =300 aF. The optimized sensi-

L . tivity continues to improve a$*? at lower temperatures un-

when the second or thrd overiane of the incident 1 wave 1 inll It F23Ches the quantum limitation due to cotunnefii

resonance with the tank Gircuil =0.016%/Cs , Ry /Ry=2000; The orthodox RF—SET performance improves with decrease
’ " of the SET resistance; however, for highfactors the de-

V=0.5/Cs for w=wy/2 andVy=0 for o= wy/3. L . _
0 * T eT®o 0 @ wo pendence is significantly slower than the IGwscalingRs *
i . / e .
=0 in the casew=wy/3 andVy=0.5/Cs in the casew  fOr the response angy” for the sensitivity.

= wy/2 [for Vo= 0 there is no second overtone because of the We have analyzed the effect of the asymmetric rf biasing
|-V curve symmetry even at honzeng—see Fig. 108) and of the SET which leads to unequal effective capacitances of
Eq. (17)]. As seen from Fig. 9, the MR responses and oghe SET and found that such asymmetry does not worsen the
sensitivities in the two casdsecond and third resonant over- RF-SET performancéeven slightly improves jt This an-
tones are quite similar, which is related to a strong nonlin- SWers the concern about asymmetric rf biasing raised in Ref.
earity of the SETI-V curve. Moreover, comparing Figs. 4 11. _

and 9(the parameters are the samee see that the RF-SET We have analyzed the effect of the carrier frequency de-
performance in the regime of a resonant overtone is compduning from the resonance and found that the decrease of the
rable to the performance in the conventional regimew, ~ RF-SET response with detuning can crudely be described by
(the MR response and OS sensitivity are worse by only aboihe simple linear theorythough difference in linewidth can
1.5 times. Combined with the advantages discussed abovd€ach 50% however, the estimate of the loaded quality fac-

this makes the regime of resonant overtone potentially usefdPr determining the linewidth is not simple since it signifi-
in experiments. cantly depends on the operating point. Even with the fre-

quency detuning, the RF-SET performance for monitoring
the reflected wave amplitudby rectification is found to be
very similar to the case of optimal homodyne detectiome-

In this paper we have developed the formalism for thechannel mixing with the optimal phasdt is important that
calculation of the response and shot-noise-limited sensitivitghe mixing phase which optimizes sensitivity can be different
of the normal-metal RF-SET, extending the theory of Ref. 34rom the phase which optimizes response. Unexpectedly, in
to the case of arbitrary larg® factor of the tank circuit and contrast to the decrease of response with detuning, the opti-
arbitrary frequency of the incident rf wave. The formalism mized sensitivity slightly improves with detuning.
has been used to analyze numerically the dependence of the We have also analyzed the operation regime for which an
RF-SET response and sensitivity on the operation paranwvertone of the incident rf wave is in resonance with the tank
eters. circuit, and found that the RF-SET performance in this re-

We have mainly studied two operation modes, optimizedgime is comparable to the performance in the conventional
over the rf wave amplitude and the SET background chargeegime. Taking into account an advantage of the frequency
to reach either maximum respon@dR mode or optimum  separation between the incident and monitored waves, this

IV. CONCLUSION
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operation mode may be experimentally useful. The theoreti- APPENDIX: CURRENT AND NOISE CALCULATIONS
cal proposal of the resonant overtone regitteas been re- FOR THE SET

cently realized experimentally in the group of Keith Schwab. . .
Experimental RF-SET sensitivities using the second an(ij] The SET current and its low-frequency shot nois)

third resonant overtones have been found practically COinddé@ﬁré)r?etgniill?:éafsiuurilizg ';rr]fat O:Z?aq{?g(n;?eosrég Osfmtalee-
ing with the sensitivity in the conventional regirfié. ’ 9 y

Now let us compare our theoretical results for the RF—SETSET is achieved at any moment of tinfiee., I/e<w). We .
sensitivity with the experimental value of @e/\Hz from assume the normal-metal case and calculate the tunneling
Ref. 12 for the normal-metal cagthe sensitivity of the su- _raltesé“%hz(m) ﬁftﬁlecf:_trotn tunnellng _to ft)' ?1{ from (=) the
perconducting RF-SET  was  significantly  better: Island through the Tirst or second junction as

3.2 uel\Hz). Using the experimental parameteGy WE(m)
i

=267 aF, Ry=43 k), assuming the temperaturel th(m): B , (A1)
=70 mK, and using Fig. 6, we get the MR sensitivity of esz[l—exp(—Wj*(m)/T)]

3.2 uel\/Hz for Q=30 and 5.8ue/\JHz for Q=50, while

the OS sensitivities are 1,8e/\Hz for Q=30 and - VbCiCa 1 qo

1.9 ne/\JHz for Q=50 [notice that all these numbers are Wi (m)_C_E (=1 eC; TprmIg (A2

significantly higher than the Io\@ OS estimate 0.Q.e/\Hz
using Eq.(43)]. Unfortunately, it is not possible to extract the
unloadedQ factor value from Ref. 12; however, it seems to
be between 30 and 50. It is also not known if the RF-SET
operating point was closer to the MR or OS m@de guess
the response was more importaritievertheless, we see that IzeE [T (m)—T7(m)]og(m), (A3)
the difference between the theory and experiment is still sig- m
nificant. We guess that the difference is mainly due to th§ynere the stationary probability distribution of the charge
preamplifier noise. Some contribution may also come fromstatesxrst(m) satisfies equations
higher effective temperature than we assumed and from a
nonoptimal operating point. Another contribution to the dif-
ference may come from the, neglected here, effect of cotun- oM T (M)=0og(m+1) X T (m+1) (A4)
neling, which limits the sensitivity. However, a rough ! !
estimaté® of this limit 5qq/VAf~ \%Cs gives the value of and3os(m)=1.
1 pel\Hz, so it is unlikely to be the major reason for the  The low-frequency spectral densi®y of the SET current
difference. We hope that the further experimental progresfFig. 10b)] can be calculated &
will bring the RF-SET sensitivity really close to the theoret-
ical limit.

There are still many theoretical questions about the RF- T =001 e2/Cz
SET performance, not answered in this paper. For example, C.=C
as seen from the above estimate, the account of cotunneling 1= -2
and study of the quantum operation of the RF-SET is starting
to be important for experiments. The development of the
theory for superconducting RF-SET is even more important
since in the majority of experiments with RF-SET’s the su-
perconducting state is used. There is still no rigorous theory
of the frequency dependence of the RF-SET sensitivity. It is
also important to consider the back-action from the RF-SET
and to analyze if the RF-SET can in principle be used as a 20 -15 -0 -05 00 05 10 15 20
quantum detector with a high quantum efficier(@eality). Vie/Cs)
These problems are planned to be the topics of our further
studies.

where m is the number of extra electrons on the SET,
=1,2 denotes the junction, arldis the temperature.
The curren{Fig. 10a)] is calculated as

I/(e/RsC5)
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rectly used for the numerical calculations even though the

matrix I" is singular and therefore does not have a unique

S=-4e? 2 [I{(m)-Tr(m)=1/el(T Hmm
m inverse. The trick is that EQA5) is constructed in a way that

X[T1(M=1)og(m=1)=T1 (m+1)og(m+1) the nonuniqueness is not important, and therefore the stan-
dard algorithm for solving a linear system of equations with
—(lle)os(m)]+2e2>, ao(m)[T5 (m)+T7(m)], three-diagonal matrix can be readily usé€there is no prob-
m

lem with the matrix singularity at a finite frequeney when

(A5)  the inverse of the matrik'—i w1 should be calculateHAc-
tually, instead of using EqA5), we have used a somewhat

wherel is the three-diagonal matrix of the SET charge evo- . . . .
. - faster algorithm for the calculation &, described in Sec.
lution, Cym= 2 {Omk— 1L} (M) + S jes 115 (M) J I

— ST} (M)+T; (m)]}. Notice that Eq(AS) can be di- "' ©F et 26
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