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‘We analyze the transfer of a quantum state between two resonators connected by a superconducting transmission
line. Nearly perfect state-transfer efficiency can be achieved by using adjustable couplers and destructive
interference to cancel the back-reflection into the transmission line at the receiving coupler. We show that
the transfer protocol is robust to parameter variations affecting the transmission amplitudes of the couplers. We
also show that the effects of the Gaussian filtering, pulse-shape noise, and multiple reflections on the transfer
efficiency are insignificant. However, the transfer protocol is very sensitive to frequency mismatch between the
two resonators. Moreover, the tunable coupler we considered produces time-varying frequency detuning caused
by the changing coupling. This detuning requires an active frequency compensation with an accuracy better than

90% to yield the transfer efficiency above 99%.
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I. INTRODUCTION

The realization of quantum networks composed of many
nodes requires high-fidelity protocols that transfer quantum
states from site to site by using “flying qubits” [1,2]. The
standard idea of the state transfer between two nodes of
a quantum network [3] assumes that the state of a qubit
is first encoded onto a photonic state at the emitting end,
after which the photon leaks out and propagates through
a transmission line to the receiving end, where its state is
transferred onto the second qubit. The importance of quantum
state transfer has stimulated significant research activity in
optical realizations of such protocols, e.g., [4—6], including
trapping of photon states in atomic ensembles [7—10]. Recent
experimental demonstrations include the transfer of an atomic
state between two distant nodes [11] and the transfer between
an ion and a photon [12].

An important idea for state transfer in the microwave
domain is to use tunable couplers between the quantum
oscillators and the transmission line [13,14] (the idea is in
general similar to the idea proposed in Ref. [3] for an optical
system). In particular, this strategy is natural for supercon-
ducting qubits, for which a variety of tunable couplers have
been demonstrated experimentally [15-25] (these couplers
are important for many applications, e.g., Refs. [26-29]).
Although there has been rapid progress in superconducting
qubit technology, e.g., Refs. [30-38], most of the experiments
so far are limited to a single chip or a single resonator in a
dilution refrigerator (an exception is Ref. [39]). Implementing
the quantum state transfer between remote superconducting
qubits, resonators, or even different refrigerators using “flying”
microwave qubits propagating through lossless superconduct-
ing waveguides would significantly extend the capability of
the technology (eventually permitting distributed quantum
computing and quantum communications over extended dis-
tances using quantum repeaters). The essential ingredients
of the transfer protocol proposed in Ref. [14] have already
been demonstrated experimentally. The emission of a proper
(exponentially increasing) wave form of a quantum signal has
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been demonstrated in Ref. [21], while the capture of such
a wave form with 99.4% efficiency has been demonstrated
in Ref. [22]. The combination of these two procedures in
one experiment would demonstrate a complete quantum state
transfer (more precisely, the complete first half of the proce-
dure of Ref. [14]). Note that Refs. [21] and [22] used different
tunable couplers: a “tunable mirror” [20] between the resonator
and the transmission line in Ref. [22] and a tunable coupling
between the qubit and the resonator [19] (which then rapidly
decays into the transmission line) in Ref. [21]. However, this
difference is insignificant for the transfer protocol of Ref. [14].
Another promising way to produce shaped photons is to use
a modulated microwave drive to couple the superconducting
qubit with the resonator [40,41] (see also Refs. [42,43] for
implementation of optical techniques for shaped photons).

In this work, we extend the theoretical analysis of the
state transfer protocol proposed in Ref. [14], focusing on its
robustness against various imperfections. In our protocol, a
quantum state is transferred from the emitting resonator to
the receiving resonator through a transmission line (the state
transfer using tunable coupling directly between the qubit and
the transmission line has also been considered in Ref. [14],
but we do not discuss it here). The procedure essentially relies
on the cancellation of back-reflection into the transmission
line via destructive interference at the receiving end, which is
achieved by modulation of the tunable couplers between the
resonators and the transmission line. (Note that the protocol
is often discussed in terms of a “time reversal,” following the
terminology of Ref. [3]; however, we think that discussion
in terms of a destructive interference is more appropriate.)
In Ref. [14], it was shown that nearly perfect transfer
efficiency can be achieved if identical resonators and proper
time-varying transmission amplitudes of the two couplers are
used. However, in obtaining this high-efficiency state transfer,
only ideal design parameters were assumed. Also, various
experimentally relevant effects, including multiple reflections
and frequency mismatch between the two resonators, were not
analyzed quantitatively.

In this paper, we study in detail (mostly numerically) the
effect of various imperfections that affect the transmission
amplitudes of the couplers. In the simulations we focus on two
values for the design efficiency: 0.99 and 0.999. The value
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of 0.99 crudely corresponds to the current state of the art for
the two-qubit quantum gate fidelities [30] and threshold of
some quantum codes [44]; we believe that the state transfer
with 0.99 efficiency may already be interesting for practical
purposes, while the value of 0.999 would be the next natural
milestone for the experimental quantum state transfer. We find
that the transfer protocol is surprisingly robust to parameter
variations, with a typical decrease in the efficiency of less than
1% for a 5% variation of the design parameters (the scaling is
typically quadratic, so half of the variation produces a quarter
of the effect). We also study the effect of the Gaussian filtering
of the signals and find that it is practically negligible. The
addition of noise to the ideal wave forms produces only a
minor decrease in the transfer efficiency. Numerical analysis
of multiple reflections also shows that the corresponding effect
is not significant and can increase the inefficiency by at most a
factor of two. The analysis of the effect of dissipative losses is
quite simple and, as expected, shows that a high-efficiency state
transfer requires a low-loss transmission line and resonators
with energy relaxation times much longer than duration of the
procedure.

A major concern, however, is the effect of frequency
mismatch between the two resonators, since the destructive
interference is very sensitive to the frequency detuning. We
consider two models: a constant-in-time detuning and a
time-dependent detuning due to changing coupling. For the
latter model, we use the theory of the coupler realized in
Refs. [20,22]; the frequency variation due to the coupling
modulation has been observed experimentally [20]. Our results
show that a high-efficiency state transfer is impossible without
an active compensation of the frequency change; the accuracy
of this compensation should be at least within the 90%—95%
range.

Although we assume that the state transfer is performed
between two superconducting resonators, using the tunable
couplers of Refs. [20,22], our analysis can also be applied
to other setups, for example, schemes based on tunable
couplers between the qubits and the transmission line or
based on the tunable couplers between the qubits and the
resonators [19,21,40,41], which are then strongly coupled
with the transmission line. Note that the frequency change
compensation is done routinely in the coupler of Refs. [19,21],
thus giving a natural way to solve the problem of frequency
mismatch. Similarly, the phase is naturally tunable in the
coupler of Refs. [40,41].

The paper is organized in the following way. In Sec. II,
we discuss the ideal state transfer protocol, its mathematical
model, and the relation between classical transfer efficiency
(which is mostly used in this paper) and quantum state/process
fidelity. In Sec. III, we analyze the decrease of the transfer
efficiency due to deviations from the design values of various
parameters that define the transmission amplitudes of the
couplers. We also study the effects of pulse-shape warping,
Gaussian filtering, noise, and dissipative losses. In Sec. IV,
we analyze the effect of multiple reflections of the back-
reflected field on the transfer efficiency. The effect of frequency
mismatch between the two resonators is discussed in Sec. V.
Finally, we summarize the main results of the paper in Sec. VI.
Appendix A is devoted to the quantum theory of a beam splitter,
which is used to relate the efficiency of a classical state transfer
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to the fidelity of a quantum state transfer. In Appendix B, we
discuss the theory of the tunable coupler of Refs. [20,22] and
find the frequency detuning caused by the coupling variation.

II. MODEL AND TRANSFER PROTOCOL
A. Model

We consider the system illustrated in Fig. 1(a). A quantum
state is being transferred from the emitting (left) resonator
into the initially empty receiving (right) resonator via the
transmission line. This is done by using time-varying couplings
(“tunable mirrors”) between the resonators and the transmis-
sion line. The (effective) transmission amplitudes t. and t; for
the emitting and receiving resonator couplers, respectively, as
a function of time ¢ are illustrated in Fig. 2. As discussed
later, the main idea is to almost cancel the back-reflection
into the transmission line from the receiving resonator by
using destructive interference. Then the field leaking from the
emitting resonator is almost fully absorbed into the receiving
resonator. Ideally, we want the two resonators to have equal
frequencies, w. = w;; however, in the formalism, we will
also consider slightly unequal resonator frequencies w,(t) and
w,(t). We assume large quality factors Q for both resonators by
assuming |t.(#)| < 1 and [t.(¢)| < | (the maximum value is
crudely [te) max| ~ 0.05, leading to Qmin ~ 103 — see later), so
that we can use the single-mode approximation. For simplicity,
we assume a dispersionless transmission line.

(a) Emitting Receiving
resonator Superconducting resonator
transmission line
»
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teEMtr(t)
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40
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FIG. 1. (Color online) (a) The state transfer setup. An initial
microwave field amplitude G(0) is transferred from the emitting
resonator to the receiving resonator via a transmission line. This
is done using variable couplers for both resonators, characterized by
(effective) transmission amplitudes t.(7) and t,(¢), and corresponding
leakage rates k. (t) and «.(z). Almost perfect transfer can be achieved
when the back-reflection of the propagating field A(z) is canceled
by arranging its destructive interference with the leaking part of the
field B(t) in the receiving resonator. (b) A variant of the setup that
includes a circulator, which prevents multiple reflections of the small
back-reflected field F(¢).
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FIG. 2. (Color online) Time dependence (“pulse shapes”) of the
absolute values of transmission amplitudes t.(#) for the emitting
coupler (red dashed curve) and t.(z) for the receiving coupler
(blue solid curve). The amplitude t.(#) is kept constant at the
maximum level t. . after the midtime #,, while t.(¢) is kept at
the maximum t, ,,,x during the first part of the procedure, ¢t < t,,. The
propagating field A(¢) firstincreases exponentially and then decreases
exponentially (black solid curve). In simulations we typically use
[te max| = |temax| = 0.05 for quarter-wavelength 6-GHz resonators
(te =t = 33 ns); then the transfer efficiency n = 0.999 requires
the procedure duration of # = 460 ns.

We will mostly analyze a classical field transfer between the
two resonators, with a straightforward relation to the quantum
case, discussed later. The notations G(¢) and B(¢) correspond
to the field amplitudes in the emitting and receiving resonators
[see Fig. 1(a)], while A(¢) describes the propagating field in
the transmission line. However, in contrast to the notations of
Ref. [14], here we use dimensionless G and B, normalizing
the field amplitudes [45,46] in such a way that for classical
(coherent) fields, |G|* and | B|? are equal to the average number
of photons in the resonators. Similarly, the normalization
of A is chosen so that |A|?> is the number of propagating
photons per second. Such normalizations for resonators are
more appropriate for the analysis of quantum information.
Also, with this normalization, the amplitudes will not change
with adiabatically changing resonator frequency, in contrast to
the usual field amplitudes.

In most of the analysis, we assume (unless mentioned
otherwise) that the transmission line is either long or contains
a circulator [Fig. 1(b)], so that we can neglect the multiple
reflections of the small back-propagating field F(¢) (the effect
of multiple reflections will be considered in Sec. IV). We also
assume that there is no classical noise entering the emitting
resonator from the circulator (only vacuum noise).

With these assumptions and normalizations, the time
dynamics of the classical field amplitudes is described in the
rotating frame by the equations

G =—iAw.G — L (k. + T )G, (1

. t,
B=—iAwB — (. + T )B+ m«/K_rA, (@)
T
te
A= — k.G, 3

"t

where Aw, = we — wy and Aw; = w; — wp are small detun-
ings (possibly changing slowly with time) from the (arbitrary)
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rotating frame frequency wy (), the decay rates «. and «, are
due to leakage into the transmission line, while additional
losses are described by the energy relaxation times 7). and
T, in the resonators and imperfect transfer efficiency ny of
the transmission line. Note that A has the dimension of 1/./s
in contrast to the dimensionless G and B, so that the factors
/Ke(n) restore the proper dimension. The leakage rates are

PR It

trt,e Rtl Trt,e

&7 R It
Lok =T— = (4

Ke(t) = =
Trt,r Ry Trt,r

where £ and £ are the transmission amplitudes of the couplers
(for a wave incident from inside of the resonators), 7y and Ty,
are the round-trip times in the resonators, R., R;, and Ry are the
wave impedances of the resonators and the transmission line,
while t, = t"/R./Ry and t, = t"/R,/Ry are the effective
transmission amplitudes. Note that the transmission ampli-
tudes t depend on the wave direction (from inside or outside
of a resonator), while the effective transmission amplitudes
t do not. For convenience, we will be working with the
effective transmission amplitudes t. and t;, so that we do
not need to worry about possibly unequal wave impedances.
For quarter-wavelength resonators, 7. ~ 7w /we &~ 7 /wy and
T N /0 X 7 /wy, so the quality factors are

We(r) ~ b
Ke(r) | te(r) |2

Note that the phase factors t,/|t;| and t./|t.| in Egs. (2) and (3)
may change in time because of changing coupling [14,20]
(as discussed later in Sec. VB and Appendix B); this is why
these somewhat unusual factors cannot be neglected. Strictly
speaking, the last term in Eq. (2) should also be multiplied by
Jwe/wy; this is because of different normalizations, related
to different photon energies hw. and fw; in the resonators.
However, we neglect this correction, assuming a relatively
small detuning. Note that the effective propagation time
along the transmission line is zero in Eqgs. (1)—-(3) since we
use appropriately shifted clocks (here the assumption of a
dispersionless transmission line is necessary); however, the
physical propagation time will be important in the analysis
of multiple reflections in Sec. IV. Also note that to keep
Egs. (1)-(3) reasonably simple, we defined the phases of B
and G to be somewhat different from the actual phases of the
standing waves in the resonators (see discussion in Sec. II C).

Even though in Eqgs. (1)—(3) we use normalized fields G,
B, and A, which imply discussion in terms of the photon
number, below we will often use the energy terminology and
invoke the arguments of the energy conservation instead of
the photon-number conservation. At least in the case without
detuning the two pictures are fully equivalent, but the energy
language is more intuitive, and thus preferable. This is why
in the following we will use the energy and photon number
terminology interchangeably.

Qe(r) = (5)

B. Efficiency and fidelity

We will characterize performance of the protocol via the
transfer efficiency n, which is defined as the ratio between
the energy of the field (converted into the photon number)
in the receiving resonator at the end of the procedure, ¢t = t,
and the energy (photon number) at the initial time, ¢t = 0, in
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the emitting resonator:
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We emphasize that in this definition, we assume that only the
emitting resonator has initially a nonzero field.

As we discuss in this section, the classical efficiency 7
is sufficient to characterize the quantum transfer as well, so
that the quantum state and process fidelities derived below
are directly related to n (this requires assumption of vacuum
everywhere except the initial state of the emitting resonator).
The idea of the conversion between the classical and quantum
transfers is based on the linearity of the process, and thus can
be analyzed in essentially the same way as the quantum optical
theory of beam splitters, discussed in Appendix A.

Let us focus on the case with the circulator [Fig. 1(b)] in
the absence of dissipative losses (Tlfe1 = Tlfrl =0,na=1.
In general, there is a linear input-output relation between
the fields at r = 0 and the fields at r = #. This relation
is the same for the classical fields and the corresponding
quantum operators in the Heisenberg picture ([13,47]), so for
simplicity we discuss the classical fields. The relevant fields
att = 0 are G(0), B(0), and the (infinite number of) temporal
modes propagating towards the emitting resonator through the
circulator; these modes can be described as time-dependent
field V(¢), where ¢ corresponds to the time, at which the field
arrives to the emitting resonator. Note that B(0) and V(¢)
are assumed to be zero in our protocol; however, we need
to take them into account explicitly, because in the quantum
language they would correspond to operators, representing
vacuum noise (with the standard commutation relations). The
fields at the final time ¢t = #; are B(t;), G(t;), and the collection
of the outgoing back-reflected fields F(z) for 0 < 7 < # [see
Fig. 1(b)]. Note that normalization of the propagating fields
V(t) and F(t) is similar to the normalization of A(z).

The input-output relation {G(0), B(0),V (¢)|o<:<i} = {G (),
B(t;), F(t)lo<r<s} 18 linear and unitary, physically because
of the conservation of the number of photons (energy). In
particular,

(6

B(ty) = ﬁeiwrG(0)+wBB(O)—f-/wa(t)V(t)dt, 7
0

where 1 is obviously given by Eq. (6), ¢ is the phase shift
between B(#;) and G(0), while wg and wy (¢) are some weight
factors in this general linear relation. These weight factors
can be calculated by augmenting Egs. (1)-(3) to include V (¢)
and F'(¢), but we do not really need them to find the quantum
transfer fidelity if B(0) and V (¢) correspond to vacuum. Note
that the unitarity of the input-output transformation requires
the relation

If
17+|w3|2+f lwy(H))*dt = 1 (8)
0

(sum of squared absolute values of elements in a row of a
unitary matrix equals one), where we neglected the slight
change in the normalization (discussed above) in the case of
time-varying detuning.

This picture of the input-output relations can in principle
be extended to include nonzero Tfel(r) and/or ny # 1; for that
we would need to introduce additional noise sources, which
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create additional terms in Eqgs. (7) and (8) similar to the terms
from the noise V. Also, if we consider the case without the
circulator, the structure of these equations remains similar,
but the role of V(¢) is played by the temporal modes of
the initial field propagating in the transmission line from the
receiving to the emitting resonator (since clocks are shifted
along the transmission line, there is formally no field “stored”
in the transmission line, which propagates from the emitting to
the receiving resonator).

Using the framework of the linear input-output relation,
Eq. (7) derived for classical fields can also be used to describe
the quantum case. This can be done using the standard quantum
theory of beam splitters [46] (see Appendix A), by viewing
Eq. (7) as the result of mixing the fields G(0), B(0), and
an infinite number of fields (temporal modes) V (¢) with beam
splitters to produce the proper linear combination. Importantly,
if B(0) corresponds to vacuum and V (¢) also corresponds to
vacuum, then we can assume only one beam splitter with
the proper transfer amplitude /5 e'* for G(0) — B(t;); this
is because a linear combination of several vacua is still
the vacuum. Equivalently, the resulting quantum state in the
receiving resonator is equal to the initial quantum state of
the emitting resonator, subjected to the phase shift ¢¢ and
leakage (into vacuum) described by the (classical) efficiency 7.
The same remains correct in the presence of nonzero relaxation
rates Tl_el and Tfr' and imperfect ny if these processes occur
at zero effective temperature (involving only vacuum noise).

As shown in Appendix A, if the initial state in the
emitting resonator is |i,) = Y, a,|n) in the Fock space
Q, ley |> = 1), then the final state of the receiving resonator is
represented by the density matrix, which can be obtained from
the state |Ygn) = Y., ¢ Cnsk/(n + O/l n"2(1 — n)*/?
e ter|ny k), by tracing over the ancillary state |k),
(this ancilla corresponds to the second outgoing arm of
the beam splitter). This gives the density matrix pg, =
Y @t 0 N OFDIH DI 1/~ gm0 =)
e'=mer\|n)(m|. The state fidelity (overlap with the initial
state) is then

/ . j .
Foo 3 YOT DT

*
Oy Oy Ol g O

. nm%n+j%m 4

inm jivnlm! /

% 77(ner)/2(1 _ n)jei(n*m)w_ 9)

Note that the phase shift ¢f can easily be corrected in an
experiment (this correction is needed anyway for resonators,
which are significantly separated in space), and then the factor
e'"=m¢i in Eq. (9) can be removed.

The discussed quantum theory (at zero temperature, i.e.,
with only vacuum noise) becomes very simple if we transfer a
qubit state |;,) = «|0) + B]1). Then the resulting state is

[Win) = @[0)]0)a + B (/7 11)10)a + /1 — 1 [0)[1),),
(10)
where the ancillary states |1), and |0), indicate whether a
photon was lost to the environment or not. After tracing
[Y6in) (V| OVer the ancilla, we obtain density matrix

e nlBI? Jierarp an
=\ e apt a2+ g0 —m)
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Note that since a qubit state contains at most one excitation,
the essential dynamics occurs only in the single-photon
subspace. Therefore it is fully equivalent to the dynamics of
classical fields (with field amplitudes replaced by probability
amplitudes). Thus Eq. (10) can be written directly, without
using the quantum beam splitter approach, which is necessary
only for multiphoton states.

In quantum computing the qubit state transfer (quantum
channel) is usually characterized by the quantum process
fidelity F, or by the average state fidelity F, which are related
as[48,49]1 - F, =(1 — Fst) x 3/2.In order to calculate F,,
we calculate state fidelity Fy (overlap with initial state) and
then average it over the Bloch sphere. Neglecting the phase ¢x,
which can be easily corrected in an experiment, from Eq. (11),
we find Fy = |a|* + n|B|* + [aB|*(1 — n + 2./7), which also
follows from Eq. (9). To average this fidelity over the Bloch
sphere of initial states, it is sufficient [48] (see also [50]) to
average it over only six states: |0), |1), (]0) £ |1))/\/§, and
(|0y £[1))/+/2. This gives Fy = 3+ n+ 2,/m)/6, which
can be converted into the process fidelity

Fy = 31+ ). (12)

This equation gives the relation between the classical energy
transfer efficiency n, which we use in this paper and the process
fidelity F, used in quantum computing. Note the relation
1 —F, ~(1—mn)/2whenn ~ 1. Also note that a nonvacuum
noise contribution (due to finite temperature) always decreases
F, (see Appendix A). If the phase shift ¢; is included in the
definition of fidelity (assuming that ¢y is not corrected), then
Eq. (12) becomes F, = (1 +n + 2,/ncos ¢;)/4.

Thus, in this section, we have shown that the state and the
process fidelities of the quantum state transfer are determined
by the classical efficiency n and experimentally correctable
phase shift ¢¢. This is why in the rest of the paper we analyze
the efficiency 7 of essentially a classical state transfer.

C. Transfer procedure

Now let us describe the transfer protocol, following
Ref. [14] (this will be the second protocol out of two slightly
different procedures considered in Ref. [14]). Recall that we
consider normalized classical field amplitudes. The main idea
of achieving nearly perfect transfer is to use time-dependent
transmission amplitudes t. and t, to arrange destructive
interference between the field A reflected from the receiving
resonator and the part of field B leaking through the coupler
(see Fig. 1). Thus we want the total back-reflected field F(¢)
to nearly vanish: F(¢) &~ 0, where

I.out t |rr|
F="' A+~ /k,— B, 13
|r| Itrl‘/_’r}“ )

ro and ri" are the coupler reflection amplitudes from the
outside and inside of the receiving resonator, and |r;| =
Irir"l = [r®|. Note that the (effective) scattering matrix of
r;?ul t‘r
t "
the transmission line. The formula (13) looks somewhat
unusual for two reasons. First, in the single-mode formalism
of Eqgs. (1)-(3), the reflection amplitude in Eq. (13) must be
treated as having the absolute value of 1; this is why we have the

the receiving resonator coupler is ("' 1), when looking from
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pure phase factor ro"/|r;|. This is rather counterintuitive and
physically stems from the single-mode approximation, which
neglects the time delay due to the round-trip propagation in
a resonator. It is easy to show that if the actual amplitude
r;’“‘ were used for the reflection A — F, then solution of
Egs. (2) and (13) would lead to the energy nonconservation
on the order of |t|>. Second, in our definition, the phase of the
field B corresponds to the standing wave component (near the
coupler) propagating away from the coupler [see Eq. (2)], so
the wave incident to the coupler is B |r;|/r", thus explaining
the phase factor in the last term of Eq. (13). Actually, a better
way would be to define B using the phase of the standing
wave in the resonator; this would replace the last term in
Eq. (2) with (t;/|t;])/kr A\/|r¢|/r" and replace the last term
in Eq. (13) with (t/|t;])/k:y/Ir:|/ri" B. However, we do not
use this better definition to keep a simpler form of Eq. (2).
Using the fact that £ /ri"r®" is necessarily real and negative

. r
[since r" = —(r")*t,/t* from unitarity], we can rewrite

T

Eq. (13) as

" (A _ b JKTB) . (14)

I | It|

This form shows that if the phases of t; and A do not change
in time and there is no detuning, then the two terms in Eq. (14)
have the same phase [because arg(B) = arg(t;A) from Eq. (2)].
Therefore, for the desired cancellation of the terms we need
only the cancellation of absolute values, i.e., a one-parameter
condition.

For a nonzero field B, the exact back-reflection cancellation
can be achieved by varying in time the emitting coupling
t. [13], which determines A in Eq. (13) or by varying the
receiving coupling t, or by varying both of them with an
appropriate ratio [14]. At the very beginning of the procedure,
the exact cancellation is impossible because B(0) =0, so
there are two ways to arrange an almost perfect state transfer.
First, we can allow for some loss during a start-up time f
intended to create a sufficient field B, and then maintain the
exact cancellation of the back-reflection at r > t,. Second, we
can have a slightly imperfect cancellation during the whole
procedure. Both methods were considered in Ref. [14]; in this
paper we discuss only the second method, which can be easily
understood via an elegant “pretend” construction explained
later.

Motivated by a simpler experimental realization, we divide
our protocol into two parts [14] (see Fig. 2). During the first
part of the procedure, we keep the receiving coupler fixed at
its maximum value t; max, While varying the emitting coupler
to produce a specific form of A(¢) for an almost perfect
cancellation. During the second part, we do the opposite:
we fix the emitting coupler at its maximum value t. n,« and
vary the receiving coupler. The durations of the two parts are
approximately equal.

The maximum available couplings between the resonators
and transmission line determine the timescales 7. and 7, of
the transfer procedure, which we define as the inverse of the
maximum leakage rates,

1 |te(r),max |2
Te(r) = ,  Kemymax = ——————. (15)
Kc(r),max Trt,e(r)
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The time 7, affects the buildup of the field in the receiving
resonator, while 7. determines the fastest depopulation of
the emitting resonator; we will call both 7. and 7, the
buildup/leakage times.

Now, let us discuss a particular construction [14] of the
procedure for nearly-perfect state transfer, assuming that the
complex phases of t. and t. are constant in time, there is
no detuning, w. = w; = wp, and there is no dissipative
loss, Tlfel = Tlfrl = 0, ng = 1. (For the experimental coupler
discussed in Appendix B, t. and t, are mostly imaginary,
but also have a significant real component.) As mentioned
above, during the first part of the procedure, the receiv-
ing resonator is maximally coupled, t.(f) = t; nax, With this
value being determined by experimental limitations. Then a
complete cancellation of the back-reflection, F = 0, would
be possible if A(t) = Agexp(t/2t;) and B(t) = Byexp(t/21;)
with By = /T; Aot; max/|trmax|. This is simple to see from
Egs. (2) and (14), and even simpler to see using the time
reversal symmetry: the absence of the back-reflection will then
correspond to a leaking resonator without an incident field.
This is why in the reversed-time picture B o exp(—t/21;),
and therefore in the forward-time picture B o exp(t/2t;); the
same argument applies to A.

Thus we wish to generate an exponentially increasing
transmitted field

A() = Aoexp(t/2t), 0 <1< I, (16)

during the first half of the procedure (until the midtime #,)
by increasing the emitting coupling t.(#). This would provide
the perfect cancellation of reflection if B(0) = By (as in the
above example), while in the actual case when B(0) =0
we can still use the wave form (16), just “pretending” that
B(0) = By. Itis easy to see that this provides an almost perfect
cancellation. Let us view the initially empty resonator as a
linear combination: B(0) = By — By. Then due to linearity of
the evolution, the part By will lead to perfect cancellation
as in the above example, while the part —By will leak
through the coupler and will be lost. If —Bj is fully lost
during a sufficiently long procedure, then the corresponding
contribution to the inefficiency (mostly from the initial part
of the procedure) is 1 — 5, = |By/ G(0)|?. In particular, for a
symmetric procedure (t. = 7, = T, t, = f¢/2) approximately
one half of the energy will be transmitted during the first
half of the procedure, |B(ty)|*> ~ |G(0)|?/2; then |Boy|*> ~
exp(—tm/7) |G(0)|?/2, and therefore the inefficiency contri-
bution is 1 — n, &~ exp(—t,/T)/2. As we see, the inefficiency
decreases exponentially with the procedure duration.

At time t,, the increasing emitting coupling t. reaches
its maximum value t. ;.x (determined by experimental lim-
itations), and after that we can continue cancellation of the
back-reflection (14) by decreasing the receiving coupling t,(¢),
while keeping emitting coupling at te max. Then the transmitted
field A(¢) will become exponentially decreasing,

A(t) = Ag exp(tm/27) exp[—(t — 1m)/2T], tm <1 < Hy,
a7
and t; should be varied correspondingly, so that k.(f) =

|A(1))?/|B(1)|>. As mentioned above, the phase conditions for
the destructive interference are satisfied automatically in the
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absence of detuning and for fixed complex phases of t.(¢) and
t.(¢). The procedure is stopped at time #, after which t.(¢) = 0,
so that the receiving resonator field B(#;) no longer changes.
When the procedure is stopped at time #;, there is still some field
G (ty) remaining in the emitting resonator. This leads to the inef-
ficiency contribution 1 — . = |G(;)/ G(0)|>. Again assuming
a symmetric procedure (7. = 1, = 7, t; = 2t,), We can use
| B(tm)|* ~ | B(0)[?/2; then |B(1;)|* ~ exp(—tm/T)|B(0)[*/2
and therefore 1 — n. = exp(—t,/7)/2. Combining the two
(equal) contributions to the inefficiency, we obtain [14]

1 —n =~ exp(—t/21). (18)

The numerical accuracy of this formula is very high when
e Z 107.

Now let us derive the time dependence of the couplings
t.(¢) and t.(¢) needed for this almost perfect state transfer (we
assume that 7, and t; can in general be different). Again, the
idea of the construction is to arrange exact cancellation of the
back-reflection if there were an initial field By in the receiving
resonator (with proper phase). In this hypothetical “pretend”
scenario, the evolution of the receiving resonator field B(f)
is slightly different from B(¢) in the actual case [B(0) =
0, B(0) = By], while the fields G(r) and A(¢) do not change.
Thus we consider the easy-to-analyze ideal “pretend” scenario
B(t) and then relate it to the actual evolution B(¢). Note that
the transmitted field A(r) is given by Eqgs. (16) and (17): it is
exponentially increasing until #,, and exponentially decreasing
after f,,. Also note that our procedure does not involve
optimization: the only parameter, which can be varied, is the
duration of the procedure, which is determined by the desired
efficiency (the only formal optimization will be a symmetric
choice of t;)).

In the first part of the procedure, 7 < t#,, the receiving
coupling is at its maximum, t.(¢#) = t; m,, and the emitting
coupling can be found as t.(f) = tc max/Tc |A/ G| (recall that
phase conditions are fixed). Here A(t) is given by Eq. (16) and
|G(¢)] can be found from energy conservation in the “pretend”
scenario: |G(t)|? + | By exp(t/21.)|*> = |G(0)|? + | By|?. Using
the relation |By/Ao| = /71, we find

te(t) = te,max E exp(t/ztr) .
% /IG(0)/Bo|? + 1 — exp(t/ )

19)

Here, |By| is an arbitrary parameter (related to an arbitrary
|Ag|), which affects the efficiency and duration of the proce-
dure. The corresponding G(t) and B(t) evolutions are

G(1) = G(0)y/1 — | Bo/ G(0)[exp(t /) — 1], (20)
B(t) = Bolexp(t/21;) — exp(—1/27,)]. (21

Note that in the “pretend” scenario, B(t) = Bjexp(t/2t,),
while actually B(t) = B(t) — Byexp(—t/2t;), where the sec-
ond term describes the decay of the compensating initial field
—By. The phase of By is determined by the phases of the
transmission amplitudes, arg(By) = arg[te maxtr.max G (0)].
Since |By| is related to the midtime ¢, via the condition
te(tm) = te max, it is convenient to rewrite Eq. (19) in terms of
tm. Thus the resonator couplings during the first part of the
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procedure should be [14]

te maxv/Te/ Tr
e = : , 22
L) A+ /) expl(tn — 1)/7] — 1 (22)

tr(t) = tr,max: 0 <t < Im- (23)

Note that the increase of t.(¢) is slightly faster than exponential.

To derive the required t.(¢) during the second part of the
procedure, t > t,,, we can use the time reversal of the “pretend”
scenario. It will then describe a perfect field absorption by the
emitting resonator; therefore t.(¢) in the reversed (and shifted)
time should obey the same Eq. (19), but with exchanged indices
(e <> 1) and |G(0)/By| replaced with | B(t;)/ G(t;)|. Then by
using the condition t.(f,) = t; ma,x We immediately derive the
formula similar to Eq. (22),

e maxv/ T/ Te
(f) = : s 24
t0 VU + 7/Te) expl(t — tm)/Te] — 1 @9

tm < t < . (25)

te(t) = te,max s

It is also easy to derive Eq. (24) as t.(r) = t. max\/?r|A/1§|
with A(t) given by Eq. (17) and |B(1)|> = |G(0)|> + | By|> —
|G(#)|> given by the energy conservation, where |G(t)| =
NAVGH

The contribution to the inefficiency due to imperfect
reflection (mostly during the initial part of the proce-
dure) is 1 —n. = |By/ G(0)|* since the reflected field is
the leaking initial field — By and it is almost fully leaked
during the procedure. Comparing Egs. (19) and (22),
we find |By/G(0)|* ~ exp(—tm/T) T;/(Tc + T;) assuming
exp(—tm/1:) < 1. The contribution to the inefficiency due to
the untransmitted field left in the emitting resonator at the end
of procedure is 1 — ne = |G (tr)/ G(0)|* = (ze/w) | Bo/ GO)?
exp(tm /) exp[—(# — tm)/7], where we used relation
|G()|> = o] A(tp)]>. Using the above formula for | By/ G(0)),
we obtain 1 — ne & exp[—(# — tm)/Te] Te/(Te + T;). Combin-
ing both contributions to the inefficiency, we find [14]

Tr exp(_tm/fr) + Te eXP[—(l‘f tm)/fr]

l—n~ — . @6
n —— (26)

Minimization of this inefficiency over f#, for a fixed total
duration # gives the condition

In/ T = (tf — tw)/ Te (27

and the final result for the inefficiency [14],

Ie
, 28
) @

1—n%exp<—

which generalizes Eq. (18).
The required ON/OFF ratios for the couplers can be found
from Egs. (22) and (24),

te max Te + T Im
' ~ — 1, 29
(0) J 7. eW(n) @9

tr max e T tf—1Im
max T ”exp(‘ > (30)
tr(l‘f) Tr Tr

PHYSICAL REVIEW B 91, 144509 (2015)

which in the optimized case corresponding to Eq. (28) become
te,max

~ 1+ 7/t t: max ~ 1+ /% G1)
t(0) L—n " () l—n

Note that using two tunable couplers is crucial for our
protocol. If only one tunable coupler is used as in Ref. [13],
then the procedure becomes much longer and requires a much
larger ON/OFF ratio. Assuming a fixed receiving coupling,
we can still use Egs. (19)—(21) for the analysis and obtain
the following result. If the coupling of the emitting resonator
is limited by a maximum value kpn,x of the leakage rate,
then the shortest duration of the procedure with efficienc ]y
n is ty = LN/[kmax(1 — n)], where LN =~ In e]“[(e/(r; 1)

For typical values of n we get LN ~ 3+ In[l/(1 — n)],
and therefore the shortest duration for a procedure with one
tunable coupler is # ~ (1 —n)~'« ) {3 —|—ln[1/(1 —ml}.
This is more than a factor (1 —n)~'/2 longer than
the duration =2k} In[1/(1 —n)] of our procedure
with two tunable couplers [see Eq. (18)]. The optimum
(fixed) receiving coupling is k; = (1 — N)kmax/(1 + 1/LN),
which makes clear why the procedure is so long. The
corresponding ON/OFF ratio for the emitting coupler is

te,max/te(o) = Kmax/Kmin = (1 - 77)_1\/ LN/(I - 2/LN) R
(1 —=n)~'/3+In[1/(I—=7n)]. This is more than a factor

(1 — n)~1/? larger than what is needed for our procedure [see
Eq. BD)].

Note that we use the exponentially increasing and then
exponentially decreasing transmitted field A(¢z) [Eqgs. (16)
and (17)] because we wish to vary only one coupling in each
half of the procedure and to minimize the duration of the
procedure. In general, any “reasonable” shape A(¢) can be
used in our procedure. Assuming for simplicity a real positive
A(t), we see that a “reasonable” A(¢) should satisfy the in-
equality A%(1) < Kemax[|G(0)?> — [ A%(#')dt'], so that it can
be produced by using k() = A%(t)/[|G(0)|> — fol A%t dt']
without exceeding the maximum emitting coupling ke max. We
also assume that a “reasonable” A(¢) does not increase too
fast, dA(t)/dt < (kr.max/2)A(2), or at least satisfies a weaker

inequality A(1) < m\/xgglaxAz(O) + [1 A%yt In this
case, we can apply the pretend” method, which gives
K1) = A%(1) /[ hax AZ(0) + f A%(t')dt'], not exceeding the
maximum receiving coupling x; max. This leads to the ineffi-
ciency contribution 1 —n, = 1 — fotf A%(t))dt'/|G(0))* due to
the untransmitted field and inefficiency contribution 1 — 5, =

K max A2(0)/1G(0)|* due to the back-reflection. We see that for
high efficiency we need a small A(¢) at the beginning and
at the end of the procedure. Even though we do not have
a rigorous proof, it is intuitively obvious that our procedure
considered in this section is optimal (or nearly optimal) for
minimizing the duration of the protocol for a fixed efficiency
and fixed maximum couplings (see also the proof of optimality
for a similar, but single-sided procedure in Ref. [13]). We
think that it is most natural to design an experiment exactly as
described in this section [using Egs. (16) and (17) and varying
only one coupling at a time]; however, a minor or moderate
time-dependent tuning of the other coupling (which is assumed
to be fixed in our protocol) can be useful in experimental
optimization of the procedure.
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In this section, we considered the ideal transfer protocol,
assuming that the transmission amplitudes are given exactly by
Egs. (22)—(25), and also assuming equal resonator frequencies,
fixed phases of the transmission amplitudes, and absence of
extra loss (T]fe1 = T]frl = 0,7y = 1). In the following sections,
we will discuss the effect of various imperfections on the
efficiency of the transfer protocol.

III. IMPERFECT PULSE SHAPES

The high efficiency of the state transfer analyzed in the
previous section relies on precise calibration and control of
experimental parameters, so that the needed pulse shapes (22)—
(25) for the transmission amplitudes t.(r) and t.(r) are
accurately implemented. However, in a real experiment, there
will always be some imperfections in the pulse shapes. In this
section, we analyze the robustness of the transfer efficiency to
the pulse shape imperfections, still assuming fixed phases and
the absence of detuning and dissipative loss. In particular, we
will vary several parameters used in the pulse shapes (22)—
(25): the maximum transmission amplitudes |te) max|, the
buildup/leakage times ), and the midtime #,. By varying
these parameters, we imitate imperfect experimental calibra-
tions, so that the actual parameters of the pulse shapes are
different from the designed ones. We also consider distortion
(“warping”) of the pulse shapes imitating a nonlinear transfer
function between the control pulses and amplitudes te).
Imperfections due to the Gaussian filtering of the pulse shapes,
additional noise, and dissipative losses will also be discussed.

We analyze the effect of imperfections using numerical
integration of the evolution equations (1)—(3). As the ide-
ally designed procedure, we choose Eqgs. (22)-(25) with
[te.max| = [tr.max] = 0.05, assuming the quarter-wavelength
resonators with frequency w./2m = w,/2m = 6 GHz, so that
the round-trip time is Tyt,e = Tri,r = 7T/Wery = 1/12 ns and the
buildup/leakage time is t. = 7, = 7 = 33.3 ns. The duration
of the procedure # is chosen from Eq. (28), using two
design values of the efficiency: ng = 0.99 and n4 = 0.999;
the corresponding durations are # = 307.0 ns and 460.5 ns.
The time f,,, is in the middle of the procedure: #,,, = #;/2. In
the simulations, we use G(0) = 1, B(0) = 0, and calculate
the efficiency as n = |B(#)/G(0)|>. Note that the values of
[te(r),max| and we(y affect the duration of the procedure, but do
not affect the results for the efficiency presented in this section
(except for the filtering effect).

A. Variation of maximum transmission amplitudes
te,max and tr,max

Let us assume that the transmission amplitudes are still
described by the pulse shapes (22)—(25), but with slightly
different parameters,

te many/ T/ T

@) = A
J+ze/w)ep (1) /m] -1
(32)
() = AR ez
J /e expl (e — ) /2] - 1
(33)
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FIG. 3. (Color online) Inefficiency 1 —n of the state transfer
procedure as a function of relative variation of the maximum
transmission amplitudes $tmax /tmax = (3 max — te(r).max)/te(r)max for
design efficiencies nqy = 0.99 (blue curves) and 0.999 (red curves).
The maximum transmission amplitudes t. ,.x and t; . are either
varied simultaneously (dashed curves) or one of them is kept at the
design value (solid curves). The superscript “a” indicates an “actual”

value, different from the design value.

so that the “actual” parameters t] ...t . 7, 77, 3¢, and 13"
are somewhat different from their design values te max, t:max.
Te, Tr, and fp,. The transmission amplitudes are kept at their
maxima € . and t¢ - after/before the possibly different
midtimes #%° and ¢%". We will analyze the effect of inaccurate
parameters one by one.

First, we assume that only the maximum amplitudes are in-
accurate, tg’max = te.max 1 Stemax and t?,max = t; max + Ot max,
while other parameters are equal to their design values. (We
change only the absolute values of t. ;. and t; ., because
their phases affect only the correctable final phase ¢¢ but do
not affect the efficiency 5.) In Fig. 3, we show the numeri-
cally calculated inefficiency 1 — n of the state transfer as a
function of the variation in maximum transmission amplitude
Stmax/tmax, With the solid lines corresponding to variation of
only one maximum amplitude, dte max/te max OF St max/tr max
(the results are the same), and the dashed lines corresponding
to variation of both of them, &te max/te.max = Otrmax/tr.max-
The blue (upper) lines are for the case of design efficiency
na = 0.99 and the red (lower) lines are for ng = 0.999.

We see that deviations of the actual maximum amplitudes
€ nax and t7 o from their design values temax and tpmax
increase the inefficiency of the state transfer [essentially
because of the inconsistency between tg, .. and 7]
However, the effect is not very significant, with the additional
inefficiency of less than 0.006 when one of the parameters
deviates by £5% and less than 0.02 when both of them deviate
by +5%. The curves in Fig. 3 are approximately parabolic,
with a growing asymmetry for larger 1 — nq.

For the case 14 ~ 1, the numerical results for the additional
inefficiency —8n = nq — n can be approximately fitted by the
formula

8te max 2 Str max 2 (Ste max (Str.max
A == + (= 4 1,05 omax Tonmax

te,max T,max €,max T,max

(34)

which we obtained by changing the maximum amplitudes
symmetrically, antisymmetrically, and separately. Note that
in the ideal procedure we assumed |te max| = |t max|-
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0.020 . — Varying 72 or 72
0.015L \*\ --- Varying 73 = 7¢ ]
14=0.99

T 0010},
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1]4:0.999/
0.000 : ; ;
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FIG. 4. (Color online) Dependence of the inefficiency 1 — 1 on
relative variation of the buildup/leakage time 7o /T = (73, — T)/7
for design efficiencies nq = 0.99 (blue curves) and 0.999 (red curves),
assuming 7, = 7, = 7. The buildup/leakage times 7 and 7" are varied
either simultaneously (dashed curves) or one of them is kept at the
design value (solid curves).

The main result here is that the state transfer is quite robust
against the small variation of the transmission amplitudes. We
expect that experimentally these parameters can be calibrated
with accuracy of a few percent or better; the related inefficiency
of the transfer protocol is very small.

B. Variation of buildup/leakage times z, and 7,

Now let us assume that in Egs. (32) and (33) only
the buildup/leakage time parameters are slightly inaccurate,
¢ =1 461 and 1} = v 4 §1, (we assume that in the ideal
procedure 7. = 1, = 7), while other parameters are equal to
their design values. The transfer inefficiency as a function of
the relative deviations 67/ is shown in Fig. 4 for the design
efficiencies ng = 0.99 (blue lines) and 0.999 (red lines). For the
solid lines, only one of the buildup/leakage times is varied (the
results coincide), while for the dashed lines, both parameters
are varied together, 7. = §t;. As we see, +5% variation of
one of the buildup/leakage times increases the inefficiency by
less than 0.001, and by less than 0.0025 if the both times are
varied by +5%.

The approximately parabolic dependences shown in Fig. 4
can be numerically fitted by the formula for the additional
inefficiency —én,

st \> (6T \? 8Te 8
—n~ 034 [(i) + (—T) } 40122500 (35
T T T T

which was again obtained by varying §t. and §t, symmet-
rically, antisymmetrically, and separately. Most importantly,
we see that the transfer procedure is robust against small
deviations of the buildup/leakage times. (In an experiment,
we expect not more than a few percent inaccuracy for these
parameters.)

C. Variation of midtimes ¢3¢ and #5"

Ideally, the pulse shapes t.(#) and t.(¢) should switch from
increasing/decreasing parts to constants at the same time #,,
exactly in the middle of the procedure. However, due to
imperfectly calibrated delays in the lines delivering the signals
to the couplers, this change may occur at slightly different
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FIG. 5. (Color online) Inefficiency 1 —n as a function of the
midtime shift 6z, = #" — t,, normalized by the buildup/leakage time
7. The midtime #;;° is either varied equally (dashed curves) or kept
constant (solid curves). The results for varying only ¢3¢ are the same
as the solid curves up to the sign change, 87, < —8t;.

actual times ¢5:° and 5", which are also not necessarily exactly
in the middle of the procedure. Let us assume that t.(¢) and
t.(t) are given by Egs. (32) and (33) with slightly inaccurate
times #%° and #", while other parameters are equal to their
design values.

Solid lines in Fig. 5 show the dependence of the transfer
inefficiency 1 — n on the shift of the midtime 6], = 5" —
tm, Which is normalized by the buildup/leakage time t. Blue
and red lines are for the design efficiencies ng = 0.99 and
0.999, respectively. The case when only #%¢ is changed is
similar to what is shown by the solid lines up to the mirror
symmetry, §t; <> —dt5. The dashed lines show the case when
both midtimes are shifted simultaneously, £5:° = t3".

We see that when #5,¢ and 13" coincide, there is practically no
effect of the shift. This is because in this case the change is only
due to slightly unequal durations ¢3 and #; — 5. A nonzero time
mismatch ¢3¢ — " has a much more serious effect because
the reflection cancellation (13) becomes significantly degraded
in the middle of the procedure, where the propagating field is
at its maximum.

The numerical fit to a quadratic dependence gives

Stie — s\’
—on~ 025 ——=m ) (36)
T

For t = 33.3 ns, this means that ~3 ns time mismatch leads
to only 2 x 1072 increase in inefficiency. Such robustness to
the time mismatch is rather surprising. It can be qualitatively
explained in the following way. The relative imperfection of
the back-reflection cancellation (13) is approximately (85:° —
8t%")/t in the middle of the procedure; however, the lost energy
of the back-reflected field scales quadratically. Therefore we
can explain Eq. (36) up to a numerical factor. In an experiment,
we expect that the time mismatch can be made smaller than 1
ns; the corresponding inefficiency is almost negligible.

D. Pulse-shape warping
As another possible imperfection of the ideal time depen-

dencies t.(¢) and t.(¢), we consider a nonlinear deformation
(“warping”) with the form

tj(t) - tj,max

tj,max

th(1) = t;(1) [1+aj ] j=er (37
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0.020y
— warping of t. or t,

0.015f_ --- warping of both t, and t;
e =099 .
10.010F s

0.005-..

~~~~~~~~~~ 14=0.999 ____,——"'
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FIG. 6. (Color online) Dependence of the inefficiency 1 — n on
the warping parameters o, and o, introduced in Eq. (37) to describe
the pulse shape distortion, for design efficiencies nqy = 0.99 (blue
curves) and 0.999 (red curves). The solid curves show the case when
only one warping parameter is nonzero (the results coincide); the
dashed curves are for the case o, = «;.

where o, and o, are the warping parameters, which determine
the strength of the deformations. Note that this deformation
does not affect maximum values tei) max and the values close
to zero; it affects only intermediate values. The deformation
imitates nonlinear (imperfectly compensated) conversion from
experimental control signals into transmission amplitudes.

The inefficiency increase due to the warping of the
transmission amplitude pulse shapes is illustrated in Fig. 6.
Solid lines show the case when only o, or «; is nonzero (the
results coincide), while the dashed lines show the case o = «;.
We see that for o, = o, = 0.05 the inefficiency increases
by ~1073 for both design efficiencies 14 = 0.99 and 0.999.
Similar to the variation of other parameters, the inefficiency
due to the warping effect has a quadratic dependence on the
warping parameters o, and «;. The numerical fitting for small
|oter| and n ~ 1 gives

—8n ~ 0.22(c + o) + 0.120c0;. (38)

Again, this result shows that the state transfer is robust
to distortion of the couplers’ transmission amplitude pulse
shapes. We do not expect that uncompensated experimental
nonlinearities will follow Eq. (37) exactly, since this equation
only imitates a nonlinear conversion. However, very crudely,
we would expect that |oer| < 0.05 is a realistic experimental
estimate.

E. Smoothing by a Gaussian filter

In an actual experiment, the designed pulse shapes for
the transmission amplitudes of the tunable couplers given by
Egs. (22)—(25) will pass through a filter. Here we convolve
the transmission amplitudes with a Gaussian function to
simulate the experimental filtering, so the actual transmission
amplitudes are

1 e "2 2
(1) = / eI dr,  j=er, (39)
/ V2t o J-wo ! /
where o is the time width of the Gaussian filter. The filtering
smooths out the kinks at the middle of the procedure and
slightly lowers the initial and final values of t. and t;. The

change in transmission amplitudes translates into a decrease
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FIG. 7. (Color online) Inefficiency 1 — n as a function of the
width of a Gaussian filter o (in ns) for design efficiencies nqy = 0.9
(green dashed curve), 0.99 (blue dot-dashed curve), and 0.999 (red
solid curve). We use t = 33.3ns, as in Fig. 2. The upper horizontal
axis shows the normalized value o /7.

in the state transfer efficiency. Note that the smoothing reduces
the energy loss at the beginning and end of the procedure, but
causes an increased energy loss at the middle of the procedure,
thus increasing the procedure inefficiency overall.

The procedure inefficiency with the effect of the Gaussian
filtering of transmission amplitudes is shown in Fig. 7 for
the design efficiencies nq = 0.9, 0.99, and 0.999. Rather
surprisingly, the effect is very small, so that filtering with
o = 10 ns does not produce a noticeable increase of the
inefficiency, and even with o = 30 ns (which is close to the
buildup/leakage time) the effect is still small. Such robustness
to the filtering can be qualitatively understood in the same way
as the robustness to the mismatch between the midtimes t.(¢)
and t.(¢) discussed above. Note that experimentally [51] o is
on the order of 1 ns, so the effect of the filter on the efficiency
should be negligible.

F. Noisy transmission amplitudes

In experiment the pulse shapes t.(#) and t.(f) may contain
noise. We model this noise by replacing the designed pulse
shapes t.(#) and t.(z) with “actual” shapes as

) =t +a§;0], j=er, (40)

where a corresponds to the dimensionless noise amplitude and
&.(t) and &.(r) are mutually uncorrelated random processes.
We generate each & (¢) numerically in the following way. First,
we choose a time step df and generate £(¢) at discrete time
moments ¢ = ndt (with integer n) as Gaussian-distributed
random numbers with zero mean and unit standard deviation.
After that, we create a smooth function &(¢) passing through
these points by polynomial interpolation. Since the noise
contribution in Eq. (40) scales with the transmission amplitude
t;, we call it a multiplicative noise. Besides that, we also use
a model of an additive noise defined as

tj(t) = tj(t) +a tj,max Ej(t)’

where the relative amplitude a is now compared with the
maximum value t; ma.x, while each £(¢) is generated in the

j=er, (41)
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FIG. 8. (Color online) Solid lines: inefficiency 1 — n averaged
over 100 random noise realizations, as a function of the dimensionless
noise amplitude a, for the multiplicative noise (red lines, bottom),
Eq. (40), and the additive noise (blue lines, top), Eq. (41); both with
£2 = 0.78. The error bars show the standard deviation for some values
of a. The results are shown for 3 = 0.99 and 0.999. In the simulation
we used the time step df = 1 ns and parameters of the procedure in
Fig. 2 (r = 33.3ns). Black dotted lines (practically coinciding with
the solid lines) are calculated by replacing the noise with the effective
increase of the leakage rates k¢ (see text).

same way. Note that for sufficiently small dt the _noise &)

is practically white at low frequency; its variance £2 does not
depend on dt, and therefore the low frequency spectral density
is proportional to dr (the effective cutoff frequency scales as

dt="). Also note that the variance £2 somewhat depends on
the method of interpolation used to generate £(¢). For the
default interpolation method in MATHEMATICA, which we used
(polynomial interpolation of order three), £2 ~ 0.78.

The numerical results for the transfer inefficiency 1 — 7
in the presence of noise are shown in Fig. 8 as a function
of the dimensionless amplitude a. We used the time step
dt = 1 ns and design efficiencies nq = 0.99 and ng = 0.999.
The results are averaged over 100 random realizations; we
show the average values by the solid lines and also show the
standard deviations at some values of a. Red lines correspond
to the multiplicative noise, while blue lines correspond to
the additive noise. As expected, the additive noise leads to
larger inefficiency than the multiplicative noise with the same
amplitude, because of larger noise at the nonconstant part of
the pulse shape.

It is somewhat surprising that, as we checked numerically,
the average results shown in Fig. 8 by the solid lines practically
do not depend on the choice of the time step d¢, as long
as dt < Ty (even though in our simulations dt affects
the noise spectral density). The error bars, however, scale
with dr as +/dt. This behavior can be understood in the
following way. In the evolution equations (1)—(3), the noise
in t.(t) and t.(t) affects the leakage rates k. o [t.|> and
Ky o [t.|> of the two resonators, and also affects the transfer
term ,/Kek; A o< [tt;|. On average the transfer term does not
change (because the noises of t.(¢) and t,(¢) are uncorrelated);
however, the average values of [t.|> and |t,|? change as
(1€ 1%) = Ite|*(1 + a* £2) for the model of Eq. (40) and as
(124 1*) = [te|? + @ [teq,max|* €2 for the model of Eq. (41).

Therefore, on average, we expect dependence on a”£2 (a
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second-order effect), but no dependence on dt, as long as it is
sufficiently small. In contrast, the error bars in Fig. 8 should
depend on dt because the transfer term ,/kck; A fluctuates
linearly in &. Since the low-frequency spectral density of £(f)
scales as dt, the typical fluctuation should scale as «/E, thus
explaining such dependence for the error bars in Fig. 8. Simply
speaking, for a wide-bandwith noise the average value of
1 — n depends on the overall rms value of the noise, while the
fluctuations of 1 — n (from run to run) depend on the spectral
density of the noise at relatively low frequencies (< t71).
Note that the noise can increase or decrease the inefficiency
compared to its average value; however, it always increases the
inefficiency in comparison with the case without noise (as we
see from Fig. 8, even if we increase dt from 1 ns to about the
buildup/leakage time of 33.3 ns, the error bars, increased by
the factor 4/33.3, are still significantly less than the increase
of inefficiency compared with the design value).

We have checked this explanation of the noise effect on
the average inefficiency by replacing the fluctuating evolution
equations (1)—(3) with nonfluctuating equations, in which the
transfer term , /kck; A does not change, while the leakage rates
ke and k; are multiplied either by 1 + a £2 (for multiplicative
noise) or by 1+ a?&2(te(r.max/tem)” for the additive noise.
The results are shown in Fig. 8 by the dotted lines; we see that
they almost coincide with the solid lines, thus confirming our
explanation. We have also used several interpolation methods,
which give somewhat different £2, and checked that the direct
simulation with fluctuations and use of the nonfluctuating
equations still give the same results.

As can be seen from Fig. 8, the average inefficiency depends
approximately quadratically on the noise amplitude a for both
additive and multiplicative noise. The additional inefficiency
—4n can be fitted numerically as

—8n ~ caa® E2, (42)

where ¢, ~ 2 for the multiplicative noise and ¢, ~ 2 In 1+m
for the additive noise. Note that for the additive noise ¢, in-
creases with decreasing design inefficiency 1 — 14, so the blue
lines in Fig. 8 intersect. This is because a smaller 1 — nq4 re-
quires a longer procedure duration #¢, causing more loss due to
additional leakage of the resonators caused by fluctuating te().

The value of ¢, for the additive noise can be derived
analytically in the following way. As discussed above, the

noise essentially increases the resonator leakages, kg, (1) =

Kew(t) + a? ?/ 7, without increasing the transferred field;
therefore, it is equivalent to the effect of energy relaxation
with 7} = 7/(a® 5_2). Consequently (see below), the efficiency
decreases as n = ngexp(—t;/T1) = nq exp(—2a2$_21n l—_lnd)
[see Eq. (18) for #], and the linear expansion of the exponent
in this formula reproduces Eq. (42) with ¢, = 2 In l—lnd'

The value of ¢, for the multiplicative noise can be derived
in a somewhat similar way. Now «2(f) = x.(#)(1 + a? 5_2), SO
the additional leakage of the emitting resonator consumes
the fraction a2 &2 of the transmitted energy. Using the time-
reversal picture, we see that an analogous increase of the
receiving resonator leakage, «2(t) = «(#)(1 + a? 5_2), emits

(back-reflects) into the transmission line the fraction a2?

144509-11



EYOB A. SETE, ERIC MLINAR, AND ALEXANDER N. KOROTKOV

of the final energy |B(tt)|2 Combining these two losses,
we obtain 7 = nq(l — 24> 52) which for ng & 1 reproduces
Eq. (42) with ¢, = 2.

Overall, the efficiency decrease due to the multiplicative
noise is not strong; for example, to keep —8n < 0.01 we need
the relative rms fluctuations of t.) to be less than 7%. The
(additive) fixed-amplitude fluctuations of t. can be more
problematic, because the inability to keep te) near zero at the
initial or final stage of the procedure leads to loss during most
of the (relatively long) procedure. For example, for ny = 0.99
and —én < 0.01, we need the rms fluctuations of tyy) to be
less than 3% of te() max-

G. Effect of dissipation

For completeness let us discuss here the effect of dissipation
by assuming imperfect transfer through the transmission line,
na # 1, and finite energy relaxation times 77 . and 7}, in the
evolution equations (1)—(3), while the pulse shapes t.(¢) and
t.(¢) are assumed to be ideal.

The effect of imperfect 1y is easy to analyze, since the trans-
mitted (classical) field is simply multiplied by ,/74. Therefore
the transfer procedure efficiency is simply multiplied by 7y, so
that n = nynq4. (Recall that we neglect multiple reflections.)

The effect of energy relaxation in the resonators is also very
simple if 71, = T1. = T1. Then the (classical) field decays
equally everywhere, and therefore, after the procedure duration
tr, the energy acquires the factor exp(—#/T}), so that n =
na exp(—t¢/T1). The analysis of the case when T;, # T is
not so obvious. We have analyzed this case numerically and
found that the two resonators bring the factors exp(—#/27} ¢)
and exp(—t¢/2T) ;), respectively.

Combining the effects of dissipation in the resonators and
transmission line, we obtain

1 = nanu exp(—1;/2T ) exp(—t/2T1 ), (43)

assuming that everything else is ideal.

IV. MULTIPLE REFLECTIONS

So far, we have not considered multiple reflections of the
field that is back-reflected from the receiving end, by assuming
either a very long transmission line or the presence of a
circulator [see Fig. 1(b)]. If there is no circulator and the
transmission line is not very long (as for the state transfer
between two on-chip superconducting resonators), then the
back-reflected field bounces back and forth between the
couplers and thus affects the efficiency of the state transfer.
To describe these multiple reflections, we modify the field
equations (1)—(3) by including the back-propagating field F(t)
into the dynamics, for simplicity assuming in this section
Awy = Awe =0, g = 1, and Tl_e](r) =0:

te |ref

G(t)———G()+——

AR eYF(t — tg), (44)

B(t):—%B(t)—l— - JAQ), (45)

It:|

" eF(t — tg). (46)

Al = el

«/K_eG(t) + =
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Here, #4 is the round-trip delay time (¢4 = 2l /v, where [ is the
transmission line length and v is the effective speed of light),
¢ = weld is the corresponding phase acquired in the round
trip, F(¢) is given by Eq. (14), rd" is the reflection amplitude
of the emitting resonator coupler from the transmission line
side, and rie“ is the same from the resonator side. Note that we
use shifted clocks, so the propagation is formally infinitely
fast in the forward direction and has velocity v/2 in the
reverse direction; then the round-trip delay 4 and phase shift
¢ are accumulated in the back-propagation only; the field
F(t) is defined at the receiving resonator, and it comes to
the emitting resonator as e'¥ F(t — t3). Also note that even
though ¢ is proportional to f4, it is better to treat ¢ as an
independent parameter, because the time-delay effects are
determined by the ratio #4/t, which has a very different scale
from ¢ = (t4/7) e T, Since wery T ~ 10°.

There is some asymmetry between Eqs. (44) and (45) and
also between Eqgs. (46) and (13), which involves factors rierzr).
This is because in order to keep a simple form of the evolution
equations (1)—(3), we essentially defined G as the field
propagating towards the transmission line, while B propagates
away from the transmission line. In this section, we still assume
that the phases of the transmission and reflection amplitudes
(te and ") do not change with time. For the tunable
couplers of Refs. [20,22] (see Appendix B), the transmission
amplitudes t. are mostly imaginary, the reflection amplitudes
rg;r) are close to —1, and rg;‘r‘) are somewhat close to —1 (recall
that €2/ri"r" and t2/r"r° must be real and negative from
unitarity). In simulations, it is easier to redefine the phases of
the fields in the resonators and transmission line, so that t. and
t, are treated as real and positive numbers, r'" and ri" are also
real and positive (close to 1), while ro" and ro™ are real and
negative (close to —1). In this case, Eqs (14) and (46) become

=ik B—Aand A(t) = Jk. G(t) — e " F(t — tg).

As an example of the dynamics with multiple reflections, in
Fig. 9, we show the absolute value of the reflected field F(r —
t4) (at the emitting resonator) for the procedure shown in Fig. 2
(ng = 0.999, t; = 460 ns) for the round-trip delays t4 = #/2
(blue dashed curve) and #4 = tr/5 (red solid curve), assuming
¢ = 1 /8. The kinks represent the successive reflections of the

0.0014r
0.0012¢
0.0010¢
0.0008¢
0.0006¢
0.0004¢
e LR PR (R

0 100 200 300 400

t(ns)

¢=m/8

[F(t—4)]

FIG. 9. (Color online) Illustration of the back-reflected field
| F(t — tg)| reaching the emitting resonator at time ¢, for the round-trip
delay time 7y = t;/2 (blue dashed curve) and 7y = #;/5 (red solid
curve), assuming the round-trip phase shift ¢ = 7/8. The kinks
represent multiple reflections of the field emitted at + = 0. We
assumed parameters of Fig. 2 (ng = 0.999, t = 33.3 ns, #; = 460 ns).
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FIG. 10. (Color online) (a) Dependence of the inefficiency 1 — 7
on the normalized delay 73/t due to the round trip along the
transmission line, for the design efficiency ny = 0.999 and several
values of the phase shift ¢ accumulated in this round trip. The kinks
atty/t = 13.8/n correspond to the integer number n of the round trips
within the procedure time #;. (b) The same as in (a) for a smaller range
of t4/7 (the results for 73/t < 0.1 were not calculated). Notice that
the inefficiency accounting for multiple reflections does not exceed
twice the design inefficiency, 1 — n < 2(1 — nq).

field emitted at ¢+ = 0. Note that depending on the phase shift
@, the resulting contribution of the reflected field into B(#) can
either increase or decrease |B(t)|?, thus either decreasing or
increasing the transfer efficiency 7 (recall that the efficiency n
is defined disregarding the resulting phase ¢, because it can
be easily corrected in an experiment). The effect of multiple
reflections should vanish if ¢y > #, i.e., when the transmission
line is sufficiently long.

Figure 10 shows the numerically calculated inefficiency
1 — n of the state transfer as a function of the round-trip delay
time 74, normalized by the buildup/leakage time 7. = 7, = 7.
Different curves represent different values of the phase ¢. The
design efficiency is ng = 0.999. (In the simulations we also
used wp/2mr = 6 GHz, and t. max = t:max = 0.05; however,
the presented results do not depend on these parameters).
We see that the inefficiency shows an oscillatory behavior
as a function of the delay time, but it is always within the
range 0 < 1 — n < 2(1 — ngq). This important fact was proved
inRef. [14] in the following way. In the case with the circulator,
the losses are 1 — ng = I8 + 5", where [$™ = |G™(#)|* is
due to the untransmitted field [we assume here G(0) = 1] and
/ ?'C is the dimensionless energy carried away by the reflected
field F°™(¢). In the case without circulator, we can simply add
the multiple reflections of the field F°™(¢) to the evolution with
the circulator. At the final time #, the field F°"(¢) will linearly
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contribute to B(#;), G(t), and the field within the transmission
line [F(¢) for t —ty < t < tr]. In the worst-case scenario,
the whole energy /5" is added in-phase to the untransmitted
field G°(t;), resulting in 1 —n = (\/lg;TC + \/ICFTC)Z. Since
(VIE© + /ISy < 2(18" 4 [5) always, we obtain the upper
bound for the inefficiency, 1 —n < 2(1 — nq). The lower
bound 1 —7n > 0 is obvious. Figure 10 shows that both
bounds can be reached (at least approximately) with multiple
reflections at certain values of #3/t and ¢ (this fact is not
obvious and is even somewhat surprising).

The dependence 7(fq) shown in Fig. 10 is quite complicated
and depends on the phase ¢. We show only phases 0 < ¢ < 7,
while for m < ¢ < 27 the results can be obtained from the
symmetry n(tq,¢) = n(tq,2m — ¢). As we see from Fig. 10,
the oscillations of 7(zy) generally decrease in amplitude when
ts/T — 0, so that we expect a saturation of the dependence at
ta/t — 0. The exception is the case ¢ = 0, when the oscil-
lation amplitude does not significantly decrease at small #4/7
(numerical simulations become increasingly more difficult at
smaller 74/7). This can be understood as due to the fact that for
¢ = 0 the transmission line is a resonator, which is resonant
with the frequency w. = w; of the resonators.

Note that for an experiment with on-chip state transfer
between superconducting resonators, the round-trip delay time

tq 1S comparable to we_(rl) and therefore much smaller than 7,

ta/T ~ 1072, This regime is outside of the range accessible
to our direct simulation method, which works well only when
ta/T 2 107!, Nevertheless, we expect that the results presented
in Fig. 10(b) can be approximately used in this case as well,
because of the apparent saturation of 7(#4) at £ — 0, except
when the phase ¢ is close to zero.

The most important result of this section is that multiple
reflections cannot increase the inefficiency 1 — n by more
than twice compared with the design inefficiency 1 — nq4 (as
obtained analytically and confirmed numerically).

V. MISMATCH OF THE RESONATOR FREQUENCIES

The main idea of the state transfer protocol analyzed in
this paper is to use destructive interference to suppress the
back-reflection into the transmission line, thus providing a
high-efficiency transfer. This is why it is crucial that the
emitting and receiving resonators have almost the same
frequency. Therefore a mismatch between the two resonator
frequencies should strongly decrease the transfer efficiency.
In this section, we analyze the effect of the frequency mis-
match using two models. First, we assume a constant-in-time
mismatch. Second, we consider the time-dependent detuning
of the resonator frequencies due to the changing transmission
amplitudes of the couplers, which lead to a changing complex
phase of the reflection amplitudes (see Appendix B) and thus
to the resonator frequency change.

A. Constant in time frequency mismatch

We first consider the case when the two resonator frequen-
cies are slightly different, Aw = w. — w; # 0, and they do not
change in time. Everything else is assumed to be ideal. It is
easy to understand the effect of detuning by using the evolution
equations (1)—(3) and choosing wy = w,, so that Aw. = Aw
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FIG. 11. (Color online) Inefficiency 1 — 1 as a function of nor-
malized detuning Awt (lower horizontal axis) for three design
efficiencies, nqg = 0.9, 0.99, and 0.999. The upper horizontal axis
shows the unnormalized detuning Aw/2m in MHz, using the values
w/2mw = 6 GHz and [t max| = [t max| = 0.05, so that T = 33.3 ns.

and Aw, = 0. Then, compared with the case Aw = 0, the
emitting resonator field G(t) acquires the phase factor e ~*4';
the same phase factor is acquired by the transmitted field A(r)
in Eq. (2), and this changing phase destroys the perfect phase
synchronization between A(¢) and B(¢) that is needed to cancel
the back-reflection.

The numerically calculated inefficiency 1 — 5 is shown in
Fig. 11 as a function of the detuning Aw, normalized by the
inverse buildup/leakage time 7! (we assumed 7, = 7, = 7).
We show the lines for the design inefficiencies 7y = 0.9, 0.99,
and 0.999. The results do not depend on w; and |te() max|-
However, to express Aw /2 in MHz on the upper horizontal
axis, we use a particular example of w;/2w = 6 GHz and
[te(r),max| = 0.05, for which 7 = 33.3 ns (as in Fig. 2).

For small |Aw 7| and nq ~ 1, the additional inefficiency
due to frequency mismatch can be fitted as

—80 = cim (Aw T)?, ¢ ~ 2. 47)
For smaller 74, the coefficient cg, decreases, so that ¢g, ~ 1.94
for ng = 0.999, ¢, ~ 1.68 for ng = 0.99, and c¢q,, ~ 0.81 for
Na = 0.9.

It is interesting that the value cg, = 2 for ng & 1 exactly
coincides with the estimate derived in Ref. [14], which we
rederive here. Comparing the case Aw # 0 with the ideal case
Aw = 0, we can think that A(¢) acquires the extra phase factor
e~iAel—tm) " where t,, is the midtime of the procedure (see
Fig. 2); the overall factor e/2“™ is not important, affecting
only the final phase ¢;. Then we can think that at r = #,, we
still have an almost perfect cancellation of the back-reflection,
F(tn) = 0; however, att # t,,, the extra phase causes the back-
reflected wave |F(1)| ~ |A(t)(e~*4°0~m) — 1)|. Now using
|A(t)] = |A(tn)|e " ~™1/2T and assuming |Aw|t < 1 (so that
we can expand the exponent in the relevant time range),
we find |F(t)| ~ |A(ty)| e~ "~™/2T| Aw(t — t,)]. Finally in-
tegrating the loss, [|F (¢)]’dt, and normalizing it by the
transferred “energy” [ |A(tm)|?e™""/*dt, we obtain the
added inefficiency —6n ~ 2 (Aw 7).

Using this derivation, it is easy to understand why the coeffi-
cient cfp, in Eq. (47) decreases with decreasing n4. This occurs
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because the integration of | F(¢)|? is limited by the range 0 <
t <ty = —2tIn(1 — nq), which becomes shorter for smaller
na. Thus we can estimate ¢gy as Cam ~ [ =m0 (2p—x gy =
2 — (1 —na)[2 —21In(1 — ng) + In*(1 — ng)], which fits the
numerical results very well.

As expected, even small detuning significantly decreases
the transfer efficiency. For example, to keep the added
inefficiency under 1%, —én < 0.01, we need the detuning
to be less than 0.4 MHz in the above example (t = 33.3 ns),
which is not very easy to achieve in an experiment.

B. Time-dependent detuning due to changing coupling

In an actual experimental coupler, the parameters are
interrelated, and a change of the coupling strength by varying
[t| may lead to a change of other parameters. In particular,
for the coupler realized experimentally in Refs. [20,22], the
change of |t| causes a small change of the complex phases of
the transmission and reflection amplitudes t and r"°'9. The
phase change of r'" (from the resonator side) causes a change
of the resonator frequency. Thus changing the coupling causes
the frequency detuning, as was observed experimentally [20].
Since the frequency mismatch between the two resonators
strongly decreases the efficiency of the state transfer, this is a
serious problem for the protocol discussed in our paper. Here
we analyze this effect quantitatively and discuss with which
accuracy the detuning should be compensated (e.g., by another
tunable element) to preserve the high-efficiency transfer.

Physically, the resonator frequency changes because the
varying coupling changes the boundary condition at the
end of the coplanar waveguide resonator (see Fig. 16 in
Appendix B). Note that a somewhat similar frequency change
due to changing coupling with a transmission line was studied
in Ref. [52].

As discussed in Appendix B, if we use the tunable couplers
of Ref. [20,22], then the transmission and refection amplitudes
t; and rff“’“o for the two resonators (j = e, r) are given by the
formulas

= =] — [ — | — ’
J 1+ bj Ry Rj CUjLe,j 1— l'a)jLzyj/Ru

(48)
in 1 — b.f out in *tj
= (49)

where
iwLq i /R;
b — iwl;/R; . (50)

j ) 5 I
Ly | iwjM;
L. ; RyL1,;(1 +iw;Ls j/Ry)

M is the effective mutual inductance in jth coupler (the main
tunable parameter controlled by magnetic flux in the SQUID
loop), R; and Ry are the wave impedances of the resonators
and the transmission line, w; are the resonator frequencies,
and Ly j, Ly j, and L, ; are the effective inductances used to
describe the coupler (see details in Appendix B). Note that
Eqgs. (48) and (50) are slightly different from the equations in
the Supplementary Information of Ref. [20] and the derivation
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in Appendix B: the difference is that the imaginary unit i is
replaced with —i to conform with the chosen rotating frame
definition e’ in Egs. (1) and (2).

For the typical experimental parameters, |b;| < 1, so that
r'" ~ —1, while t; is mostly imaginary. Note that w, ~ w; ~
wy, so in Egs. (48) and (50) we can replace w; with w,. Also
note that there is no coupling, t; = 0, when M; = 0, and the
coupling changes sign when M crosses zero.

Tuning M, we control |t;]|. However, the complex phase of
t; slightly changes with changing M; because b; in Eq. (48)
depends on M; and also L; ; and L, ; depend on M; — see
Appendix B. Changing the phase of t; leads to the phase
mismatch in the state transfer protocol, degrading its efficiency.
However, this is a relatively minor effect, while a much more
serious effect is the dependence of the complex phase of '
on M; via its dependence on b; in Eq. (49), leading to the
resonator frequency change.

For the rotating frame e~*’ and quarter-wavelength res-
onator (which we assume here), the change §(arg ri]T‘) of the
phase of '}’ changes the resonator frequency by

Sw; ~ —(wo/m)8(argr?), (51)

where we used w; ~ wy. Assuming for simplicity that the
resonators are exactly on resonance (w. = w; = wy) when
there is no coupling (M. = M, = 0), we can write the variable
detunings to be used in the evolution equations (1) and (2) as

Aw; = w; — wy = —% [arg P"(M)) — arg £2(0)],  (52)

where ri]?‘(M ;) describes dependence on M;. Since |t;]| also
depends on M; (linearly to first approximation), we have an
implicit dependence Aw;(|t;|), which is linear for small |t;|
[see Eq. (B17) in Appendix B] and becomes nonlinear for
larger |t;].

This dependence Awer)(|ter|) is shown in Fig. 12 by
the solid line for the parameters of the coupler similar
(though not equal) to the parameters of the experimen-
tal coupler [20]: Rery = 8082, Ry =502, wo/2n = 6 GHz,
L]J‘ — Mj = L2,_j — Mj = 620PH, and Leyj = ISOpH (see
Appendix B). In particular, Fig. 12 shows that |t.y)| = 0.05
corresponds to the frequency change by —18.6 MHz, which

1.2} | ‘ ‘ - A3s

T 10 F0g
208 /S PSs
53 "l 720 \k/
= 0.6 / S
g 0"' ] 15 b
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g02 S = Is
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FIG. 12. (Color online) Red solid line: the resonator frequency
detuning —Aweq) /2 caused by changing [ty| for a particular
set of parameters of the coupler (see text). Blue dashed line: the
corresponding value of the coupler mutual inductance M.y . The
arrows indicate the corresponding vertical axes.
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FIG. 13. (Color online) Solid line: the phase of the transmission
amplitude, arg(tey), as a function of its absolute value [t.| for
a particular set of coupler parameters (see text). Dashed line: the
normalized detuning — Aweq)/Ke) = —TT Awe(r/ e |te |-

is a very big change compared to what is tolerable for a
high-efficiency state transfer (see Fig. 11). The same detuning
normalized by ke(ry = |te(r) |*@e(r/7 is shown in Fig. 13 by the
dashed line.

The value of M.y needed to produce a given [tey)| is
shown in Fig. 12 by the dashed line. It is interesting that
the dependence M(|t]) is significantly more nonlinear than
the dependence Aw(|t]), indicating that the nonlinearities of
[t(M)| and Aw(M) in Egs. (48) and (52) partially cancel each
other (see Appendix B).

The solid line in Fig. 13 shows dependence of the phase
arg[te] on the absolute value |t.r|. Even though the phase
change looks significant, it produces a relatively minor
decrease in the protocol inefficiency (as we will see later)
because the loss is quadratic in the phase mismatch.

We numerically simulate the state transfer protocol, ac-
counting for the frequency change of the resonators and
phase change of tyy in the following way. First, we use
the ideal pulse shapes |t.(f)| and [t.(t)| from Eqs. (22)—(25),
assuming a symmetric setup (z. = t;). Then we calculate the
corresponding dependences M () and M,(¢) using Eq. (48)
and find t.(¢) and t.(r) (now with time-dependent phases)
using the same Eq. (48), and also find the detunings Awe(f)
and Aw,(t) using Eq. (52). After that we solve the evolution
equations (1)—(3), neglecting multiple reflections. Note that
we convert |t;(¢)| into M;(¢) by first numerically calculating
[t;(M;)| from Eq. (48), then fitting the inverse dependence
M ;(|t;]) with a polynomial of 40th order, and then using this
polynomial for the conversion.

Figure 14 shows the numerically calculated inefficiency
1 —n of the transfer protocol as a function of the maxi-
mum transmission amplitude [te max| = |t max| for the above
example of the coupler parameters and design efficiencies
na = 0.99 and 0.999. Besides showing the results for the
usual protocol (red lines), we also show the results for the
cases when the frequency detuning [Eq. (52)] is reduced
by a factor of 10 (90% compensation, blue lines), 20 (95%
compensation, green lines), 100 (99% compensation, magenta
lines) and fully eliminated (100% compensation, black lines).
Such compensation can be done experimentally by using
another circuit element, affecting the resonator frequency, e.g.,
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FIG. 14. (Color online) Inefficiency 1 —»n as a function of
[te max| = |t.max| for the couplers with parameters described in the
text. The solid lines are for the design efficiency ny = 0.999, while
the dashed lines are for ny = 0.99. The red lines show the results
without compensation of the frequency detuning Awq(t) caused by
changing [ty (¢)| and correspondingly changing arg(rie';t)). The blue
lines assume 90% compensation of this detuning, 95% compensation
for the green lines, 99% compensation for the magenta lines, and full
100% compensation for the black lines. For the black lines, the extra
inefficiency is caused only by changing phases of t.. The upper
horizontal axis shows the product Awp,x T, corresponding to |ty /.

tuning the phase of the reflection amplitude at the other end of
the resonator by a SQUID-controlled inductance.

We see that without compensation of the frequency detun-
ing the state transfer protocol cannot provide a high efficiency:
n =0.33 for |tma| =0.05 and n = 0.58 for |tm.| =0.1.
However, with the detuning compensation the high efficiency
may be restored. As we see from Fig. 14, the state transfer
efficiency above 99% requires the detuning compensation at
least within 90%—-95% range (depending on [t;,.x|). Note that
even with 100% compensation, the efficiency is less than in
the ideal case. This is because of the changing phases of t.(f)
and t.(¢). However, this effect is minor in comparison with the
effect of detuning.

It is interesting that the curves in Fig. 14 decrease with
increasing [tmx| when |ty.«| is not too large. This may seem
counterintuitive, since larger |t| leads to larger detuning, and
so we would naively expect larger inefficiency at larger |tyax]|.
The numerical result is opposite because the duration of the
procedure decreases, scaling as T « [tmax| ~2. Therefore, if
the largest detuning scales linearly, | Awmax| o |tmax|, then the
figure of merit | Awmax T | scales as [tmax| !, thus explaining the
decreasing part of the curves in Fig. 14. The upper horizontal
axis in Fig. 14 shows | AwmaxT |, which indeed decreases with
increasing |ty.x| (see also the dashed line in Fig. 13).

More quantitatively, let us assume a linear detuning,
Awery = k |ter|, where the coefficient k is given by Eq. (B17)
multiplied by the uncompensated fraction of the detuning.
Assuming a small deviation from the ideal protocol, the
transmitted wave is |A(t)| = |A(t,)] e7121/%7, where At =
t — ty. At the midtime t,, the resonator frequencies co-
incide, but at 7 >, the receiving resonator frequency
changes so that Aw = we. — w; = k(|t;(tn)| — |t:(¥)]). Using
Eq. (24), we find Aw = k [tmax| [1 — 221/ — 1)71/2]. The
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accumulated phase mismatch is then ¢(¢) = ft; Aw(t)dt,
which produces the reflected wave |F| =~ |A¢|, assuming
small ¢. The inefficiency due to the reflected wave loss
is then 1 —n &~ fl:° |F(t)|2dt/f,jj° |A(1)|?dt (note that due
to symmetry the same relative loss is before and af-
ter ). Therefore 1 — n & T k2|t |? f5 {fy [1 — (2277 —
1)"'21dAt}?>e~*/*dx, and calculating the integral numeri-
cally we obtain 1 — 1 = 0.63 k?7?|tyax|? [the numerical value
of the integral is somewhat smaller than 0.63 if we limit
the outer integration by —t In(1 — nq)]. Finally, using v =
77/ wo|tmax|?, We obtain 1 — 2 0.6 (k7 /wo|tmax|)*.

Numerical results in Fig. 14 reproduce the scaling 1 — n «
(k/ |tmax|)? for the significant part of the curves for ng = 0.999
(when plotted in log-log scale); however, the prefactor in the
numerical fitting is somewhat different from what we obtained
above: 1 — 1 ~ 0.4 (km/wo|tmex|)*. Note that at sufficiently
large |tm«|, the green and red curves in Fig. 14 reach a
minimum and then start to increase. This occurs because
the inefficiency due to changing phase of t.y increases
with increasing |ty.x|, in contrast to the effect of frequency
detuning.

Actually, our analysis of the transfer process in the case
of complete compensation of detuning is not fully accurate.
The reason is that in the evolution equations (1)—(3) we took
into account the frequency change due to changing rgzr), but
we did not take into account another (very small) effect due
to changing rie'zr). It is easy to understand the origin of this
effect in the following way. There is a phase difference arg(r}")
between the field B propagating away from the transmission
line and the similar field propagating towards the transmission
line [see Eq. (13) and discussion below it]. Changing arg(rir“)
alters this phase difference, thus affecting both fields and
correspondingly leading to an extra term, neglected in Eq. (2).
Similarly, changing arg(r') leads to an extra term in Eq. (1)
for G. However, as can be seen from Fig. 12 and Eq. (51), the
change of arg(ri}?r)) is less than 0.02 for |ty| varying between
0 and 0.1, which is much less than the change of arg(t))
in Fig. 13. Therefore the neglected effect is much less than
the effect due to changing arg(t.)), which by itself is almost
negligible, as seen in Fig. 14. Note that the compensation
for changing phases can be done experimentally in the same
way as the compensation for the detuning, so that in principle
the efficiency decrease analyzed in this section can be fully
avoided.

Overall, we see that the detuning of the resonator frequen-
cies due to a changing coupling is a serious problem for the
state transfer protocol. A high-efficiency state transfer is possi-
ble only with additional experimental effort to compensate for
this detuning. The required compensation accuracy is crudely
within 90%—-95% range. The use of a shorter protocol (by using
a stronger coupling) helps to increase the efficiency. Note that
the frequency compensation is done routinely for the tunable
coupler of Refs. [19,21]; similarly, the phase compensation can
be naturally realized in the tunable coupler of Refs. [40,41].

VI. CONCLUSION

In this paper, we have analyzed the robustness of the
quantum state transfer protocol of Ref. [14] for the transfer
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between two superconducting resonators via a transmission
line. The protocol is based on destructive interference, which
cancels the back-reflection of the field into the transmission
line at the receiving end (we believe this explanation is more
natural than the terminology of time reversal, introduced in
Ref. [3]). This is achieved by using tunable couplers for both
resonators and properly designed time dependencies (pulse
shapes) of the transmission amplitudes t.(¢) and t.(¢) for these
couplers. Nearly-perfect transfer efficiency 1 can be achieved
in the ideal case. We have focused on analyzing additional
inefficiency due to deviations from the ideal case.

The ideal pulse shapes of the transmission amplitudes
[Egs. (22)—(25)] depend on several parameters; we have
studied additional inefficiency due to deviations of these
parameters from their design values. Below, we summarize
our results by presenting the tolerable deviations for a fixed
additional inefficiency of —§n = 0.01 (because of quadratic
scaling, the tolerable inaccuracies for —6n = 0.001 are about
3.2 times smaller). For the relative deviations of the maximum
transmission amplitudes [te max| and |t;max|, the tolerable
ranges are +10% if only one of them is changing and 5%
if both of them are changing simultaneously [see Fig. 3 and
Eq. (34)]. For the relative deviations of the time scale param-
eters T, and 7, describing the exponential increase/decrease of
the transmitted field, the tolerable ranges are +=17% if only one
of them is changing and £11% if both of them are changing
simultaneously [see Fig. 4 and Eq. (35)]. For the mismatch
between the midtimes #,,, of the procedure in the two couplers,
the tolerable range is £0.2t ~ 46 ns [see Fig. 5 and Eq. (36)].
For a nonlinear distortion described by warping parameters
o. and o, [see Eq. (37)], the tolerable parameter range is
40.2 if the distortion affects only one coupler and £0.13
if the distortion affects both couplers. Our results show that
smoothing of the pulse shapes by a Gaussian filter practically
does not affect the inefficiency; even filtering with the width
o >~ 1 =~ 30 ns is still tolerable. When the pulse shapes are
distorted by an additional (relatively high-frequency) noise,
the tolerable range for the standard deviation of |te)| is 7%
of the instantaneous value and 3% of the maximum value [see
Fig. 8 and Eq. (42)]. Overall, we see that the state transfer
procedure is surprisingly robust to various distortions of the
pulse shapes.

We have also analyzed the effect of multiple reflections
and found that it can both increase or decrease the transfer
efficiency. However, even in the worst case, this effect cannot
increase the inefficiency 1 — n by more than a factor of 2
(see Fig. 10). The energy dissipation in the transmission line
or in the resonators can be a serious problem for the state
transfer protocol. The description of the effect is simple [see
Eq. (43)]; for a high-efficiency transfer, we can tolerate only a
weak dissipation 1 — 5y in the transmission line, and we also
need the procedure duration # to be much shorter than the
energy relaxation time 7). In particular, for —6n = 0.01 we
need ng > 0.99 and 77 > 100 .

The major problem in realizing the state transfer protocol
is the frequency mismatch between the two resonators, since
the destructive interference is very sensitive to the frequency
mismatch. For a fixed detuning, the tolerable frequency
mismatch (we — w;)/2m for —6n = 0.01 is only +£0.01/7 =~
+0.4 MHz [see Fig. 11 and Eq. (47)]; the tolerable range is a
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factor of \/1_0 smaller for —4n = 0.001. An even more serious
problem is the change of the resonator frequencies caused
by changing couplings, which for the coupler of Ref. [20]
is on the order of 20 MHz [see Fig. 12 and Eq. (B17) in
Appendix B]. Without active compensation for this frequency
change, a high-efficiency state transfer is impossible. Our
numerical results show (see Fig. 14) that to realize efficiency
n = 0.99, the accuracy of the compensation should be at
least 90% (i.e., the frequency change should be decreased
by an order of magnitude). It is somewhat counterintuitive
that a better efficiency can be obtained by using a higher
maximum coupling, which increases the frequency mismatch
but decreases duration of the procedure (see Fig. 14). Another
effect that decreases the efficiency is the change of the
phase of the transmission amplitude with changing coupling.
However, this effect produces a relatively minor decrease of
the efficiency (see Fig. 14).

In most of the paper, we have considered a classical state
transfer, characterized by the (energy) efficiency . However,
all the results have direct relation to the transfer of a quantum
state (see Appendix A). In particular, for a qubit state transfer,
the quantum process fidelity F, is F, ~ 1 — (1 —n)/2 for
n ~ 1 [see Eq. (12)].

The quantum state transfer protocol analyzed in this paper
has already been partially realized experimentally. In partic-
ular, the realization of the proper (exponentially increasing)
wave form for the quantum signal emitted from a qubit
has been demonstrated in Ref. [21] (a reliable frequency
compensation has also been demonstrated in that paper). The
capture of such a wave form with 99.4% efficiency has been
demonstrated in Ref. [22]. We hope that a full protocol that
combines these two parts will be realized in the near future.

ACKNOWLEDGMENTS

The authors thank Kyle Keane who was significantly
involved in this work at the initial stage. We also thank Justin
Dressel, Mostafa Khezri, James Wenner, Andrew Cleland, and
John Martinis for useful discussions, and thank Justin Dressel
for proofreading the manuscript. The research was funded by
the Office of the Director of National Intelligence (ODNI),
Intelligence Advanced Research Projects Activity (IARPA),
through the Army Research Office Grant No. WO11NF-10-1-
0334. All statements of fact, opinion or conclusions contained
herein are those of the authors and should not be construed
as representing the official views or policies of IARPA, the
ODNI, or the U.S. Government. We also acknowledge support
from the ARO MURI Grant No. W911NF-11-1-0268.

APPENDIX A: QUANTUM STATE TRANSFER USING THE
BEAM SPLITTER THEORY

In this Appendix, we discuss the quantum theory of state
transfer using the optical language of beam splitters. The
starting point is Eq. (7), in which the resulting classical field
B(t;) has the contribution /5 €' G(0) from the transferred
field G(0) and also contributions from other fields. This
equation describes a unitary transformation, which can be
modeled as a result of adding the (infinite number of) fields
[B(0) and time-binned V(¢)] by using a system of (infinite
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FIG. 15. (Color online) A beam splitter with input classical fields
A and B transformed into the output fields A and B, with the
main transformation A — A characterized by the amplitude /1 and
phase shift ¢;. In the quantum formulation, the input state |\W;,) is
transformed into the output state |\W,,). In particular, in Sec. A 1, we
consider the input state |W;,) = |¥iy)|0), calculate |V, ), and then
reduce it to the density matrix pg, of the main output arm, by tracing
over the other output arm.

number of) beam splitters. Then using the linearity of the
evolution, we can simply replace the classical fields with the
corresponding annihilation operators for quantum fields, thus
developing the quantum theory of the state transfer.

In the case when all other fields in Eq. (7) except G(0)
correspond to vacuum, it is sufficient to consider one beam
splitter because a linear combination of vacua is still vacuum.
This is why in this appendix we mainly discuss one beam
splitter (characterized by the amplitude ,/7 and phase ¢ in
the main path), with the initial state to be transferred at one
arm and vacuum state at the other arm. Note that notations in
this appendix are different from the notations in the main text.

Let us start with revisiting the quantum theory of a beam
splitter [46] (Fig. 15). The quantum theory follows the classical
description of the beam splitter, which is characterized by the
following relations between the input classical fields A and B,
and the output classical fields A and B:

A= ne"A+/1—ne"B, (Al)
B = ﬁei%B —J1= nel'(tﬂl—<,02+§ﬂ3)A7 (A2)

where ¢; = ¢r and other phases are introduced to describe a
general unitary transformation (these phases can include phase
shifts in all four arms). Exactly the same relations also apply
in the quantum case for the annihilation operators & and b of
the fields at the output arms and the annihilation operators a
and b of the fields at the input arms.

In general, we want to find an output quantum state |Wy)
for a given input state |Wj,), which in principle can be an
entangled state of the two input modes. This can be done [46]
by applying the following steps. (1) Express the input state
|W;,) in terms of the input creation operators af and bf, and
vacuum. (2) Using Eqs. (A1) and (A2), express A and B via
A and B. These are the equations expressing a and b in terms
of @ and b. Conjugate these equations to express a' and b in
terms of @' and 5'. (3) Substitute the operators a' and b’ used
in the step 1 by their expressions in terms of @' and 5' obtained
in step 2. This substitution gives |W,y). Now let us apply this
substitution method to find the resulting state in the receiving
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resonator when an arbitrary quantum state is transferred from
the emitting resonator.

1. Transfer of an arbitrary quantum state

Let us assume that the initial state |y;,) in the emitting
resonator is

Ty
W) = D auln) = 3 “’:(/‘i_,) 10),

while all other fields involved in the transfer procedure are
vacua (in particular, this assumes zero temperature). Then the
two-arm input state |W;,) for the beam splitter is the same,
except the vacuum |0) in Eq. (A3) is now understood as the
vacuum |0) for all possible modes.

The transfer procedure is characterized only by the effi-
ciency 71 and the phase ¢ = ¢, while other phases ¢, and @3
in Egs. (A1) and (A2) are undefined. However, even though the
resulting state | W) will depend on ¢, and ¢3, the resulting
density matrix pg,, obtained from |W,,) by tracing over the
other output arm, will not depend on ¢, and ¢;3. This is because
arbitrary ¢, and @3 can be produced by placing phase shifters in
the ancillary input and output arms (B and B arms in Fig. 15);
shifting the phase of vacuum in the B arm does not produce
any effect, while shifting the phase in the B arm cannot affect
Pfin by causality. We have also checked independence of pg,
on ¢, and @3 by explicit calculations. Therefore we can choose
any values of ¢, and ¢3. For convenience, let us choose ¢, =
and @3 = 0. Then using step 2 of the substitution method we
obtain

Dol =1, (A3)

n

al = \/ﬁe"""fﬁ + 1 —ne*h, (A4)
b= b —/1—na, (A5)

while step 1 was Eq. (A3). Now substituting a' in Eq. (A3)
with the expression in Eq. (A4) (step 3), we obtain

[Wou) = D twiiy/(n + ) /(ntk D n*2(1 — )
n,k

x e/ ) k), (A6)
where in the notation |n)|k) = [(@")y*(b")*/+/n'k!]]0) the
second state corresponds to the ancillary second arm (upper
arm in Fig. 15).

The final state at the receiving resonator can be calculated
by tracing |Wou)(Wout| over the ancillary state |k), thus
obtaining the density matrix

Dtin = Z Ay ity i/ + DI+ )/ GIVnim))

j.n,m

> n(n+m)/2(l _ n)./ei(il—m)lﬂf) |n><m|’ (A7)

where the sums over j, n, and m are all from 0 to co. Note that
this result has been derived for a pure initial state (A3) in the
emitting resonator. However, it is easy to generalize Eq. (A7)
to an arbitrary initial state pj, by replacing a, e, ; with
(pin)n+j,m+j .

To find the fidelity of the quantum state transfer for the
initial state (A3), we calculate the overlap (¥in|fin|Vin), thus
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obtaining
(n-i-J)'(m-i-J)‘ X
j.n,m
X n(ﬂ+m)/2(1 _ 77),/‘ei(n—m)&t’f7 (A8)

which is Eq. (9) in the main text. For a mixed input state

Pin, We can find the resulting state pgq, as discussed above

and then use the Uhlmann fidelity definition [53] Fy =
/Pin Pin/Pin)’

If instead of an arbitrary state (A3), we transfer a qubit state
[Y¥in) = a0l0) + 1]1), then in Eq. (A6) there are only three
terms because o, = 0 if n + k > 1. This reduces Eq. (A6)
to Eq. (10) in the main text. Similarly, Eq. (A7) reduces to
Eq. (11) and Eq. (A8) reduces to

Fy = lool* + nlon|” + lorol*|et (1 = 1 + 2/ cos ).
(A9)
To average this fidelity over the Bloch sphere of the initial state,
we can either average it over six points at the ends of the three
axes (X, +Y, +7) or use the averaging formulas |o|* =
laq|* = 1/3, |ag|?|aq|? = 1/6, thus obtaining an average state
fidelity

_ 3+ n+2/ncos e
FSI = )
6
which can be converted into the process fidelity F, using the
standard rule, F, = 1 — (3/2)(1 — F).

(A10)

2. Decrease of the average state fidelity due to photons
in the environment

So far, we have assumed the initial state of the receiving
resonator and all environmental modes in Eq. (7) to be vacuum.
A natural question is what happens when there are some
photons in the environment (including the initial state of the
receiving resonator). In particular, it is interesting to determine
whether the average fidelity Fg of the qubit state transfer
can increase, or always decreases. Below we show that the
average fidelity always decreases due to a nonvacuum state of
the environment.

We consider a simplified model, in which the main input of
the beam splitter in Fig. 15 is in a qubit state |{5,) = oo|0) +
aq|1), while the second input (modeling the environment) is
in an arbitrary state, so that the total state is
= (@0l0) + a1 [1)) Y _ Buln),

n

[Win) (ALD)

where |aol? + |ag]> =1 and Y, |B,]* = 1. Neglecting for
simplicity the transfer phase, ¢ = 0, choosing the other phases
as ¢y = and @3 =0, and using the substitution method
described above, we find the output state

k
out Z ( +m ﬁk-‘rm( \/1_ )m(\/—)

x [aolm)|k) + a1 /nvm + 1 |m + 1) k)

+o1y/1 = vk + 1 |m)lk + 1)] (A12)
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We then trace over the ancillary arm state to find the
resulting density matrix pg,, which can now contain nonzero
elements (pgn)m, for arbitrary m and n. However, the state
fidelity for the qubit transfer depends only on the elements
within the qubit subspace, Fy = |ao|*(pin)oo + lot11*(Psin)11
+ 2Relago(pin)or]. Averaging Fy over the initial qubit
state [48—50], we obtain after some algebra

_ 1 i
Fa=G4n+24m - ;cn(m B2 (A13)
1
Caln) = (G +n+24/m1 = 1"
+n(l =" '2n+2n— (1 —n2n+ DI}.  (Al4)

The first term in Eq. (A13) is the average fidelity when there are
no photons in the environment [see Eq. (A10) with ¢ = 0],
while the second term is due to the environmental photons
(1B is the probability of having n photons). We numerically
checked that the coefficients C,(n) are always positive for
n > 1 and n € [0,1]. Therefore the presence of photons in the
environment always decreases the average fidelity of a qubit
transfer. Note that Eq. (A13) does not depend on the choice
of ¢, and @3, since these phases can be produced by phase
shifters in the ancillary B and B arms in Fig. 15. The phase
shifter in the B-arm cannot affect pg,, while the phase shifter
in the B arm changes only the phase of the ancillary input state
and therefore does not change |8, | in Eq. (A13).

In the case when 1 = 1, we can approximate Eq. (A14) as
C,(n) =~ (5/3)(1 — n)n. The average fidelity is then

— 1—n 5 _
Fslgl_T_g(l_n)nes

(A15)
where n, = ), n| B.|? is the average number of photons in
the environmental mode. Note that the effect of nonzero n.
is suppressed at 1 — n < 1. Equation (A15) can be used for
an estimate of the effect of finite temperature. However, we
emphasize that modeling of the environmental noise with a
single beam splitter is an oversimplification, so Eq. (A15)
gives a qualitative description, but is not intended to accurately
describe the effect of environmental noise on the quantum state
transfer protocol.

APPENDIX B: TUNABLE COUPLER THEORY

In this Appendix, we consider the tunable coupler realized
experimentally in Refs. [20,22], and derive formulas for
the transmission and refection amplitudes t and r'® used
in Sec. VB. We also discuss the change of the resonator
frequency due to the changing complex phase of r'". Since the
theory is the same for both resonators, we omit the resonator
index, assuming, e.g., the receiving resonator. The discussion
in this appendix follows the discussion in Sec. III of the
Supplementary Information of Ref. [20].

There will be a difference in the choice of rotating frame
between the main text and this Appendix. In the main text,
we use the rotating frame e~'®’, which is standard in optics.
However, in this appendix, we will need a language of
impedances, which traditionally assumes the rotating frame
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R, R,

l=1/4

FIG. 16. (Color online) Schematic of the tunable coupler of
Refs. [20,22] between the A /4 microwave resonator (at the left) and
the transmission line (at the right). A voltage taken at the distance
d from the resonator end is applied to a transformer with a negative
mutual inductance —M, and a SQUID providing positive Josephson
inductance L;. External flux & controls L, thus controlling the
effective mutual inductance M = —M, + L. The wave impedances
of the lines are R, and Ry.

'’ Therefore we will have to derive formulas for t and r in
the rotating frame ¢'®’, and then we will need to conjugate the
final results to convert them into for t and r for the rotating
frame e "',

The schematic of the tunable coupler is shown in Fig. 16.
A quarter-wavelength (1/4) microwave resonator is divided
into two unequal parts, and the voltage signal for the
coupler is taken at the distance d (d < A/4) from the
end, which is shorted to the ground, while the other end
is terminated with a break so that the total length is
I +d =~ A/4. The coupler consists of a transformer with
geometrical inductances L, and Ly, and negative mutual
inductance —M,, which is in series with a dc SQUID,
providing a positive Josephson inductance L;. This induc-
tance is controlled by an external magnetic flux @y, Ly =
<I>0/[27r\/131 + 12 + 21112 0827 ey / Pp)], Where Py =
h/2e is the magnetic flux quantum and I, /., are the critical
currents of two Josephson junctions, forming the SQUID.
Thus the external flux controls the total mutual inductance
M = —M, + L;, which determines the coupling between
the resonator and transmission line; in particular, there is no
coupling when M = 0. Note that the wave impedance R, of
the resonator may be different from the impedance Ry of the
transmission line.

For the analysis let us first reduce the schematic of Fig. 16
to the schematic of Fig. 17 by replacing the d-long part of the
resonator with an effective inductance L, and also replacing
the transformer and SQUID with an effective transformer with
inductances L, L,, and mutual inductance M,

L1=L1g+LJ, L2=L2g+LJ, M:_Mg+Lj.

(BI)
We emphasize that M can be both positive and negative, so
the coupling changes sign when M crosses zero (the coupler

is OFF when M = 0). Note that by varying M we also slightly
change L and L,,
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Rr Rtl
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— v =

in

rB Leis Ly L,

FIG. 17. (Color online) The simplified schematic of Fig. 16, with
the d-long piece of the resonator replaced by inductance L., and the
transformer in series with SQUID replaced by an effective transformer
with mutual inductance M. An incident wave with voltage amplitude
B creates voltages V and x across the inductors L; and L,. The
wave is reflected as r'" 3 and transmitted as "3 (the superscript “in”
indicates the wave coming from inside the resonator and the tilde
sign indicates the actual transmission amplitude, as opposed to the
effective amplitude t). In our case, r™ ~ —1 and |t"| « 1.

It is easy to calculate the effective inductance L. If there
is no coupler (L; = o0) and a voltage wave Be'®" comes from
the resonator side (from the left in Fig. 16), then it is reflected
as —Be', and the voltage at a distance d is then V =
Beil® [exp(iwd /v) — exp(—iwd /v)] = 2iBe!® sin(wd /v),
where v is the speed of light in the resonator. The current
(to the right) at this point is I = (B/R,)e'“'[exp(iwd /v) +
exp(—iwd/v)] = 2(B/R;)cos(wd /v). Therefore the wave
impedance is Z = V /I = i R, tan(wd /v), which is the same,
Z = iwlL,, as for an inductance

R, wd R, 2md

L,=—tan — = —tan —.
w v w A

(B3)

Next, let us calculate the transmission and reflection
amplitudes t™ and r'™" for the effective circuit shown in Fig. 17.
(Here the superscript “in” reminds us that the wave is incident
from inside of the resonator, and the tilde sign in f" means
that we consider the actual transmission amplitude, which
is different from the effective amplitude t.) Assume that a
voltage wave with amplitude B is incident onto the coupler
from the resonator (we omit the exponential factor e'®’).
The wave is reflected as r"B and transmitted as €"B. For
a weak coupling, which we consider in this paper, r'" ~ —1
and |t"| < 1. The voltage across L; is V = (1 + r'")3, while
the voltage across L, is denoted by x. The current flowing
into L; is I; = (1 —r™B/R, — V/(iwL.), while the current
flowing (down) into L, is I = —x/Ry. Using the currents [,
and I, we write transformer equations for voltages x and V
as

1 —rMB  (1+r)"B
x:in[( B (d+10 }—iszi, (B4)
R, iwL, Ry
‘ . 1—rMB  (1+r"B
1 4+1™B = iwL -
(1418 = io 1[ R ioL, ]
X
oM. (B5)

tl

From these two equations, we can find the reflection amplitude
in

r" and the transmission amplitude " = x/B (note that
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[€° Re/ Ra + [r™"|* = 1):

= ————,
1+b
L 20M (1 ib 1
th =i —t— | (B7)
14+b6 \ R; L./ 1+iwLy/Ry
where
iwL, w*M?
b — Rl’ Rl'Rtl(l + lwé‘z/Rtl) (Bg)
- L ioM
L. RuL.1+iwLy/Ry)
ioLi/R;

= —- (B9)

L, n |:1 ioM? i| !
L, RuLi(1 +iwL>/Ry)

Note that the transmission and reflection amplitudes for the
wave incident from outside of the resonator are
fout — &Ein out __ __ " rin
Ry (tn)*
Since the transmission amplitude depends on the direction,
it is convenient to introduce the effective amplitude t, which
does not depend on the direction,

| Ry IRy .. .
t — R_r tm — ?ﬂ tOUt, |t|2 + |r1n(0ut)|2 — 1‘ (Bl 1)
tl r

Equations (B6)—(B9) and (B11) give us t and r in the rotating
frame e'“’. For the rotating frame e’ we need to conjugate
tand r (and b), thus obtaining Egs. (48)—(50) in the main text.

For an estimate let us use the following parameters (similar
to the parameters of Ref. [20]): R, =80, Ry =50, L, =
Ly, =480 pH, M, = 140 pH, w/2m = 6 GHz, and L, = 180
pH (corresponding to d/x = 0.013). Then Egs. (B6)—(B9)
and (B11) for small M give b = 0.066i, r" &~ —e %13 and
t ~ 0.034ie %% M /M,. The resonator leakage time is then
T A (Myg/M)* x 72 ns.

Note that in the case when wM < Ry, we can replace the
denominator of Eq. (B9) with L, /L, 4+ 1. Then

wL,/R;
N Pl /b iy
1+L./L,
and if wL, < R; (which means d <« 1/4), then |b| < 1.
In this case, the reflection and effective transmission ampli-

tudes (B6) and (B11) can be approximated (for the rotating
frame €'®") as

(B10)

(B12)

in 2a)LeL1 .
"~ —exp| ———— i (B13)
Rr(Ll + Le)
2wl M 1
(B14)

i - .
VR.Ry(L1+L,) 1 +iwLy/Ry

The latter equation shows that in the first approximation
the phase of t does not change with M, and for the case
wLy < Ry the value of t is close to being purely imaginary.
Note that Eq. (B14) uses the approximation 1 4+5 =1 in
the denominator of the first factor in Eq. (B7). Without this
approximation (still using the above formula for b), the factor
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L + L. in the denominator of Eq. (B14) should be replaced
with a more accurate term L + L, +iwL|L./R;. As we
checked numerically, this gives a much better approximation
for small M (mostly for the phase of t), but there is no
significant improvement of accuracy for intermediate values
of M, corresponding to [t| =~ 0.05.

The resonator frequency w; slightly changes when the
mutual inductance M is varied, because this slightly changes
the phase of the reflection amplitude r'. The frequency change
can be calculated as

S(argr™)
0

where the factor of 2 comes from the assumption of a A/4
resonator, and as wy we choose the resonator frequency at
M = 0. [Note the sign difference compared with Eq. (51)
because of the different rotating frame.]

To estimate the frequency change Aw, = w.(M) — w:(0)
to first order, we can expand Eq. (B9) to linear order in M
[which comes from changing L; in Eq. (B12), see Eq. (B2)]
and then use 8(argr™) = —[2/(1 + |b|*)] |b|, which follows
from Eq. (B6) for a positive-imaginary b. Thus we obtain

S ~ 2w (B15)

w( 2 (,()()Lg

Aw, ~ ——
7w 1+ b]* R(Ly + L.)*

(B16)

where b is given by Eq. (B12), and L; should be evaluated at
M = 0. Since t is also proportional to M in the first order [see
Eq. (B7)], the ratio Aw, /|t| is approximately constant,

Awy w1+ (woLlo/Ry)? Ru B17)
L] + L

[t] 7T V1+1b)?

where L and L, should be evaluated at M = 0, and for typical
experimental parameters |b|> can be neglected [we keep the
very small terms with |b| Zin Egs. (B16) and (B17) to have exact
formulas at M — 0]. This formula describes the numerical
dependence Aw;(|t]) shown in Fig. 12 very well, giving an
exact result at [t| — O and a relative deviation of 3.2% at
[t| = 0.1. It is interesting that the dependencies of |t| and Aw;,
on M are both significantly nonlinear (see, e.g., the dashed line
in Fig. 12); however, these nonlinearities partially compensate
each other to produce a smaller nonlinearity in Aw,(|t]).

While Eq. (B16) gives only the linear component of the
dependence Aw:(M), a better approximation can be based on
using Eq. (B12) to find b(M) — b(0) and then convert it into
Aw; via Eq. (B15). In this way, we obtain

2w3L2/(1 4 b%)

Aw, ~ —
' TR(Lig + Mg+ L)(Lig + Mg + L, + M)

’

(B18)

in which the term |b|?> can be neglected. This formula gives
a nonlinear dependence Aw.(M) due to the presence of M
in the denominator. We checked that this formula correctly
describes about 80% of the numerical nonlinearity of the
Aw(M) dependence for the parameters of Fig. 12. There is a
similar dependence on M in the denominator of Eq. (B14) for
t(M) dependence, thus explaining why the two nonlinearities
partially cancel each other to produce a much more linear
dependence Aw,(]t|) in Fig. 12.
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