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The interconnection bottleneck caused by limitations of cable number, inner space and cooling power of dilution re-
frigerators has been an outstanding challenge for building scalable superconducting quantum computers with the increasing
number of qubits in quantum processors. To surmount such an obstacle, it is desirable to integrate qubits with quantum—
classical interface (QCI) circuits based on rapid single flux quantum (RSFQ) circuits. In this work, a digital flux tuner for
qubits (DFTQ) is proposed for manipulating flux of qubits as a crucial part of the interface circuit. A schematic diagram of
the DFTQ is presented, consisting of a coarse tuning unit and a fine-tuning unit for providing magnetic flux with different
precision to qubits. The method of using DFTQ to provide flux for gate operations is discussed from the optimization of
circuit design and input signal. To verify the effectiveness of the method, simulations of a single DFTQ and quantum gates
including a Z gate and an iSWAP gate with DFTQs are performed for flux-tunable transmons. The quantum process to-
mography corresponding to the two gates is also carried out to analyze the sources of gate error. The results of tomography
show that the gate fidelities independent of the initial states of the Z gate and the iSWAP gate are 99.935% and 99.676%,
respectively. With DFTQs inside, the QCI would be a powerful tool for building large-scale quantum computers.

Keywords: quantum computation, superconducting electronics, quantum control

PACS: 03.67.—a, 03.67.Lx, 85.25.Am

1. Introduction

Superconducting quantum computers are one of the
most promising approaches for realizing fault-tolerant quan-
tum computing, with quantum processors based on Joseph-
son qubits as their core devices.!!! Microwave systems for
qubit control and readout'?! have been widely used in the
manufacturing of quantum computers, enabling the execu-
tion of quantum algorithms for error correction,*! quantum
simulations!* and achieving quantum supremacy.® With the
increasing number of qubits, the interconnection bottleneck
in microwave systems becomes an important problem be-
cause of the limitations of the number of I/O ports of quan-
tum processors and cryogenic transmission lines.!®! To over-
come the bottleneck, rapid single flux quantum (RSFQ) logic
circuits!”! integrated with qubits for qubit control and readout
are desirable.!®°! This kind of RSFQ circuits can be called
quantum-—classical interface (QCI), which was proposed by
McDermott et al.!'%! The theory of RSFQ digital coherent XY
control was studied!'!=13] and the fidelities of single-qubit gate
for transmons performed by SFQ pulses were measured to be
about 95%!'* and improved to over 98.8% with multichip-
module (MCM) architecture. [*) Two-qubit gates based on SFQ
including cross-resonance (CR) gates and controlled-phase
(CZ) gates were also studied.[15-18]

[19,20]

Flux-tunable transmons are a kind of popular qubits
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in designing superconducting quantum processors, with exter-
nal flux penetrating their SQUIDs as the degree of freedom for
Z control. To realize digital Z control by SFQ pulses, the qubit
energy tuner (QET) has been proposed by Ref. [21]. With SFQ
pulses input to a pair of flux bias units (positive and negative),
a QET can generate the current to provide external flux of flux-
tunable transmons for Z control. However, the difference be-
tween the two inductors shunted respectively with the positive
flux bias unit and the negative flux bias unit is hard to elimi-
nate in fabrication and may cause accumulative errors of the
external flux. Therefore, this article proposes an improved ver-
sion of QETs, digital flux tuner for qubits (DFTQ). In a DFTQ,
the two inductors are merged into a single one, which is in se-
ries with two overdamped Josephson junctions for receiving
SFQ pulses. This improvement not only ensures the equality
of the variations of the external flux in a step of increasing or
decreasing, but also simplifies the circuit schematic diagram.
This article, in Section 2, analyzes the circuit schematic
diagram of a DFTQ and discusses how the circuit generates
the current providing external flux for SQUIDs of qubits. The
system model for Z gate and iSWAP gate simulations is in-
troduced and the unitary matrices of the gate operations by
DFTQs are derived. In Section 3, the simulation method is
elucidated, which is followed by the results and discussions of
the simulations of a single DFTQ, a Z gate and an iSWAP gate.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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The standard quantum process tomography for the Z gate and
the iISWAP gate is also performed to analyze the sources of

gate error. Conclusions are given in Section 4.

2. Circuit and system model

Consisting of a Josephson junction and a shunted capac-
itor, a transmon is a qubit treated as an anharmonic oscilla-
tor with the capacitor charging energy Ec and Josephson en-
ergy Ej, which decide the frequency of the transmon.!'”! To
perform an operation of Z control to the transmon means to
change the phase of the qubit on Bloch sphere, which can be
realized by changing its frequency. By replacing the single
Josephson junction with a SQUID, the frequency of the trans-
mon can be tuned with the external flux, &, provided by the
current on a transmission line next to the SQUID, which ac-
tually changes the effective Josephson energy of the SQUID,
E|(®.). Therefore, to make a DFTQ able to tune the frequency
of the transmon, or the flux @, it should have the circuit el-
ements for transforming the SFQ pulses to a current signal.
To ensure the high speed and high precision of flux tuning, it
should have at least two tuning units for coarse tuning and fine-
tuning. This section elucidates the circuit schematic diagram
of the DFTQ and the system model for simulations.

2.1. Circuit schematic diagram

The schematic of DFTQ is shown in Fig. 1, which has a
coarse tuning unit and a fine-tuning unit. The coarse tuning
unit is comprised of two overdamped Josephson junctions J;
and J,, both in series with the inductor Ly, which is coupled
with another inductor L. The fine-tuning unit has the same
circuit structure but a different mutual inductance M,, smaller
than M| in the coarse tuning unit, in order to tune the flux more
precisely. The ports PS and P6 are designed to be connected
to the inductor L, as shown in Fig. 1, thus making an inductor
loop comprised of L, Li» and L3>. The inductor L; is cou-
pled to the SQUID of a qubit with a mutual inductance M to
provide the flux penetrating the SQUID, which is generated by
the inductor loop current i, ().

The inductor loop current i, (¢) can be calculated with the

following formula:

_ MLy [Pa(r) — P (1)] + MLy [Pe(r) — Pp ()]
Li\L3 1Ly —M3Ly — M}L3,

ip(t) (1)
where @ (1), Pp(t), Pc(t) and Pp(r) are the integrals of the
voltage at nodes A, B, C and D over the period from O to 7,
respectively. Ly is the sum of Ly, L3, and L,. The derivation
for Eq. (1) is presented in Appendix A.

P1

P2

P3

P4

Fig. 1. The schematic of a digital flux tuner for qubits (DFTQ). P1-P4
are input ports for receiving SFQ pulses. P5 and P6 are output ports con-
nected to the inductor L, which provides flux for qubits.

When P4 (1) — Pg(t) = ne(t)Po and Pc(r) — p(f) =
ng(t) Py, that is, the number of SFQ pulses sent to P1 is n¢(¢)
more than that to P2 and the number of SFQ pulses sent to P3
is ng(¢) more than that to P4, there is

ne ()M L3 Py + ne(t)MaLy Do

in(t) = (2)
() Li\L3 1Ly —M3L — M}Ls,
By setting
. M, L3 Py
Ai. = 5 5 3)
Ly L3 Ly — M5L1 — M7L3;
. MLy Py
Aig = 5 > 4)
Li1L31Ly —M5L1 —MiL3
the inductor loop current i, () will be
ip(t) = nc(t)Aic + ne(t)Ais. )

This means that by sending an SFQ pulse to the port P1, the
current of the inductor loop ip(¢) can be increased by a spe-
cific amount Ai., and then the flux provided to the qubit, P,
is increased with an increment

AD, = MAi.. (6)

On the other hand, if an SFQ pulse is sent to the port P2, iy ()
is decreased by a specific amount Ai, and then &, is decreased

070305-2
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by A®.. Similar to the coarse tuning unit, the fine-tuning unit
will increase (decrease) ip(¢) by a specific increment (decre-
ment) Aif and increase (decrease) &, by

ADy = M A, (7N

after an SFQ pulse is sent to port P3 (P4). The flux provided
to the qubit from DFTQ, &, will be

@, = Mip(t) = ne(t)AD, + ne(1) ADy. (8)

Compared to a QET, the DFTQ has better repeatability of
the currents providing flux or flux bias points. The current for

flux tuning by a QET can be expressed by!?!!

‘QET P

lp (I) = 7 [}’lA(l‘)YA an(t)YB +nc(t)YC 7I1D(I)YD], (9)

where na (), ng(t), nc(t) and np(¢) are the numbers of SFQ
pulses having been sent to ports A, B, C and D of the QET
at the moment #. The parameters F, Ya, Y, Yc, Yp are deter-
mined by circuit parameters L}, M/, L,, L}, M{,, M}, and L},
(i=1, 2,3, 4)in QET (to distinguish these circuit parame-
ters from those of the DFTQ, they are denoted by the original
symbols from Ref. [21] with additional quotation marks as su-
perscripts):

F = L {ME(L L~ MP) + 2L MM,

L4 [Ly (L4 Ly~ MP) + LMP] + L L, ME
+ ( _ L/ M/Z

— LM — 2M M, M5 M,

—OMBEMMi M) + Ly [(LYME + LyM 7

+2M1M12M2)L4 MAMP] —L,MBEM?,  (10)

Ya = (3L — M3)(LAM] + MpMy), (11)

Yo = (LyLy— M33)(LiM; +MMy), (12)

Yo = (LiLy = M) (LyM3 + M3My), (13)

Yo = (L{Ly = Mp) (LyMj + My Ms3). (14)

In the ideal situation, the current iI?ET(t) can get back to the
reference level iyef = Q T (1), which means

D
AiSET([,Z‘()) = ?0 [AnaYs — AngYy + AncYc — AnpYp)]
=0, (15)

where AIQET (t,10) = ZSET(t) -

currents, and Ana = na(t) — na(to), Ang = ng(t) — ng(f),
Anc = nc(l‘) — nc(t()) and Anp = nD(t) —np (l()) are the dif-
ferences between the cumulative numbers of SFQ pulses sent

iSET(to) is the difference of the

to ports A, B, C, D at the moments ¢ and #y, respectively. To
make Eq. (15) hold, for a QET there should be

YA =13, (16)
Yc =Tp, (17

when it is designed and

Anp = Ang, (18)
Anc = Anp, (19)

when it is used. Equations (16) and (17) can be satisfied by
=M, L) =L} and Ly = L. However, due to the
imperfect fabrication, the inductors L} and L) (or L; and L})
are difficult to be totally identical, which makes Eqs. (16) and
(17) hard to be satisfied. There may be non-zero cumulative

setting M

error Aiperr = Ana(Ya —Yg) + Anc(Yc — Yp) after the opera-
tion of turning back to i..¢. This problem is solved in the DFTQ
where the cumulative error of current i, (¢) caused by imperfect
fabrication is always 0 because Josephson junctions share the
same inductor L;; (for coarse tuning) or L3; (for fine-tuning)
in Fig. 1. With better repeatability of the currents providing
flux or flux bias points, a DFTQ is potentially able to tune the
flux of a transmon-like coupler!*?! for two-qubit gate opera-
tions.

2.2. System model for simulation

To establish a concise model of Z control by DFTQs
to flux-tunable transmons, the waveform of iy(r) can be
approximately described by a piecewise function i,(¢), or
iz(¢,N¢,Ne, Ny), defined by

iz(taNfaNmNt)

. r—t .

iref + [ A;S]A’f’ <1<,
lref+NfAlf+[ A -‘Alm t <t <t

= Iref + NfAif + NcAle, h<t<t, (20)
t—t

iref + NrAir + N Al — (—Af A, t3<t<u,

. . r—t

ref + NeAif — [Tﬁ’ ty <t <te,

where 1] =t + NiAt, 1) = ts+ (N + N — DAL, 13 = t5+
(Nf + N + Ny — DAz, t4 =t + (Ng + 2N + Ny — 2)At, and
te = ts+ (2Ng + 2N, + Ny — 2)Ar. The piecewise function i,(¢)
can be called a basic waveform repeated with different pa-
rameters in an operation of Z or iSWAP. i,(¢) is changed by
SFQ pulses shown in Fig. 2(a) with the total operation time
T; = te —ts = (2Nf + 2N + N; — 2)At, integer times of the
clock period of RSFQ circuits driving the DFTQ, Af. The
curve of i,(¢) is shown in Fig. 2(b). i,(t) starts increasing
at f; and reaches the target value of the inductor loop current
itarget = Iref + NeAif + NcAie with fine-tuning first and coarse
tuning later. The current is maintained at itarger for a period of
time N;At, which is followed by its decreasing to the reference
level iir at t. with coarse tuning first and fine-tuning later.
The Hamiltonian of a system composed of two flux-
tunable transmons in Fig. 3(a) can be described by the follow-

19,23]

ing equation! with rotating wave approximation (RWA):

H/h = a)qla ai —|— a al jaiai —I-(quagaz

2
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(0%]
+7a§a§azaz +glajar +aral), (2D

where aI and a; are the creation and annihilation operators
of qubit 1, respectively. a; and ap are the creation and an-
nihilation operators of qubit 2, respectively. @q1 and @y are
respectively the bare frequencies of qubit 1 and qubit 2, which
can be tuned by two DFTQs. «; and o, are their anharmonici-
ties. g is the coupling strength dependent on qubit frequencies
and the coupling capacitance Cg. Assuming that the qubit &
(k =1, 2) is a symmetric transmon with charging energy Ecy,
Josephson energy Ey; and external flux & provided by i, (1),
H can be denoted as H (g1, @g2), or

H = H (01 (i1 (1)), 02 (i2(1))) , (22)

and the evolution operator of H from the moment 7 to ¢ should
be

] 5
Ul(t,t0) =T exp <;t [ H(a)ql,a)qz)dt') , (23)
0

where 7 is the chronological operator and

8Ecy - 2Ey |cos (nq)e" %" 1) > ’ — Eqy
0
1)) = - ,
(24)
Dot i (1)) = Mige(0), (k=1,2). 25)

When the two qubits are running at the idle frequencies @; and
@, which are far detuning, the sum of the Hamiltonians of the
two qubits will be a constant:

; (04 o
Hy/h= wm?al + %afa?alal + a)za;ag + %a;a;agaz, (26)

so that the unitary matrix transforming the qubits’ states in
stationary frame into the state in the rotating frame will be

Urf(t,to) = exp |:;1H0 (t —t()):| . 27

Then the evolution operator of a gate in the rotating frame
should be

U(t,10) = Us(t,10)U (1, 10). (28)

In the following analysis, when the unitary matrices of gates
are derived, only the lowest two energy levels of qubits are
considered, but in the simulations, the lowest three energy lev-
els of qubits are considered and the situations of decoherence
are ignored.

; () W

K Vbs

I s
(b)

i.(¢) (NN, —1)At, NAt (Ne+N,—1)At

itarget

Lref

Fig. 2. Input and output signals of a DFTQ. (a) Voltages of SFQ pulses
as inputs for a DFTQ. (b) The curve of i,(¢) approximately describ-
ing the basic waveform of the inductor loop current i,(¢). The current
starts increasing at the moment #;. With fine-tuning first and coarse
tuning later, it reaches the target value itarget = iref + NyAif + NcAic and
then it is maintained for a period of time N;At. Finally, by coarse tun-
ing first and fine-tuning later, the current decreases back to reference
level irer at te = £ + (2N; + 2N, + N; — 2)Ar. The total operation time
is Tz = (2N + 2N, + Ny — 2)At. Here, Ny =2, N =2 and N, = 4.

(a) Circuit schematic diagram for simulation of Z gates and iSWAP gates by DFTQs for two-qubit system

I i
e e e TS ia(t)

M ta(t)

Isas
ps PI DC/SFQ

I
& po/sra P2

DFTQ L

I
& po/sra P3 Pl

Tann
P2 DC/sFQ )

DFTQ

Isca
P3 DC/SFQ

I
=1 DC/sFQ ps PO

A4

I
P6 py DC/SFQ P

A4

b) Funtions i,,(t) and i,,(t) approximately describing the waveforms of i ;(¢) and i,,(t) for iSWAP gates by DFTQs
21 22 pl p2

ia(t)

(NN —1)At

i i i i
| (Np+No—1)At NyAt | (Np+No—DAL ) | i
! ! ! ! I I I I
) N, At
gt |- - R ! ; u ;
i i ! !
! ! 1 1
: NrUAi'r : : 1
! ! I I
LAt LAt ! N, Ai, !
- -, 1
[ el - teo | ! !
i j_—}i NypAig e S 3 Nyl — dta .
refl TO 4 @ @ @ T -
. ‘ ’I;SV\/AP :
m(t)I NeoAi, |
i
b :
i ; NipAig *\ﬁtc
Lref2 @ . 4 2 -
TO 1 , , " "
; ‘ | |
(Npp+Neo—1)At NppAt (Npp+Neop—1)At

Fig. 3. Control model for simulations of Z control by DFTQs for a two-qubit system. (a) Circuit schematic diagram for simulation of Z gates and iSWAP
gates by DFTQs for two-qubit system. (b) Funtions i1 (¢) and i, () approximately describing the waveforms of ip; () and iy (¢) for iSWAP gates by
DFTQs. The total gate operation time is Tiswap = Af[(2Ngy + 2Neo + Nyo — 2) + max{(2Ngy +2Ne1 + Ni —2), (2Np2 + 2Nex + N —2) } + 1].
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2.2.1. The Z gate

We define Uy (1,f9) as the phase gate in the stationary
frame simultaneously manipulating qubit 1 and qubit 2. When
@q1 and @ are constants and far detuned, the unitary matrix
of the phase gate is

Us(t,t9) = [00)(00] + e~ '@on =) |01 (01|

_~_e*iw|1o>(tffo)|10><1o‘

e om0 )11, (29)
where @;;;) (i,j = 1,2) is the difference between the frequen-
cies of the eigen energies of the states |ij) and |00). When
@};j) is changed by i (t) and i, (t), it also becomes a piece-
wise function, which means @);j can be obtained by calculat-
ing eigen energies corresponding to specific i, (¢) and ip(¢)
and be denoted as the function of i, (¢) and i, (¢):

@iy (1) = @y (i1 (1), i2(1)), (30)

and Eq. (29) should be rewritten as
1
Uy (t,19) = [00)(00| +exp [—i/ a)|01>(t')dt'} |01) (01|
fp
t
+exp [—i/ a)10>(t’)dt/} [10)(10]
T

t
+exp {—i‘zqculw(ﬂ)dﬂ}|ll><llL 31)
0

Then according to Egs. (28) and(31), the unitary matrix of the
phase gate in the rotating frame is

't

0 (t0) = 100)(00] +exp i (@2~ )| o 01
+exp [i /tt(a)l — o)) (t’))dt’] [10) (10|

ot
+exp []/, (01 + 0 — a)11>(1’))dt’] [11)(11]. (32)

0

From Eq. (20), i, (¢) and i,»(¢) can be obtained by substitut-
ing {Nf1, Nei, Nu} or {Np, Neia, N} for {Ny, No, Ni} in
i (¢, Ng,Ne, Vy), ie.,

iz1(t) = iz(t,N1,Ne1,Nut), 151 <t <tey, (33)

iZZ(t) = iZ(taNf27NC23Nt2)a tSZ S 4 S teZa (34)

where the start moment #; = min{#,%;} and the end moment
fe = max{Zey,te}. Therefore, U¢ (fe,1s) can be calculated ac-
cording to Eqs. (30)—(32) and (20), and can be denoted as

U (te,ts) = Uy (Ng1,Ne1, Nt , Npp, Nea, Nip ). (35)

The phase shifts of qubit 1 and qubit 2 can be respectively
denoted as

le
m=[<m—@mw»w, (36)

le

02= | (@2 =y (t')dr 37

When the qubit frequencies are far detuned, there is @)1y =
o1y + @|10), SO that according to Eq. (31), only considering
the lowest two energy levels of each qubit, there is

1 0 0 0
0e2 0 0
0 0 el 0
00 0 elloite)

U¢ (teats) = (38)

A Z gate for qubit k or two simultaneous Z gates for
both qubits can be realized by using U¢. If the phase shift is
O =7+ 2n7 (n € Z, k= 1,2) for qubit k with proper param-
eters Nyy, Ne1, N1, Npp, Nep and Ny, then l7¢ will be an operator
of the Z gate to qubit k. The unitary matrix of ideal Z gate for
only manipulating qubit 1 is

100 O
~ 01 0 O
UideaLZl = O O _] 0 ) (39)
00 0 —1
and the unitary matrix of ideal Z gate for only manipulating
qubit 2 is
1 000
~ 0-100
00 0-1

2.2.2. The iSWAP gate

To realize an iSWAP gate, the bare frequencies of two
qubits, @q; and @y, should be tuned at the same value. As-
suming that the idle frequency @; is bigger than w,, to de-
crease @Wq; and make g = ®g = @2, the DFTQ for qubit 1
should provide a proper flux ®.; for qubit 1 by increasing
ip1 (1) tO itarger1. After that iy () should maintain at igrger for
a period of time to swap the states of the two qubits. Then
ip1 () should return back to the original value irf; to stop the
swapping. Because of the phase shift of qubits and incomplete
state swapping, the unitary matrix of the operations above is

10 0 O
0 uxp uz 0
0 uzp uzz 0
00 0 Uy

Uswap = y 41

which is realized by setting i, (¢) and i, (¢) with Eq. (20) ac-
cording to Fig. 3(b):

iz1(t) = i,(t,Nso,Neo, Nw), ts0 <t <tep, (42)
in(t) = i,(1,0,0,0), tyo <t <tep. (43)

The ﬁswap can be calculated according to Egs. (20)—(28), and
can be denoted as

0swap = Uswap (Nf07Nc07Nt0)- 44)
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At the end of the iISWAP gate, a specific phase shift operation
U¢ (Ng1,Net1,Nu, Nip, Neo, Nip) should be performed to make
both phases of qubits equal —x/2, so that

Uprrq.iswap
= Uy (Nf1,Ne1, Nt , N2, Nea, Ni2) - Uswap (N0, Neo, Nio )
1 0 0 0
0 ei® ig 0
_ ei¢ u ei¢ un3 . (45)
0 e'%luzy e'luss 0
0 0 0 ei(¢1+¢z)u44
For the ideal case, the operations above can be described by a
matrix
10 00
~ 00 —-10
UidealiswaP = | o i 9 (46)
00 01

Therefore, the selection of the values of Nyy, Ny and Ny
should make [u|* and |u33|* as close to 0 as possible. The
selection of the values of Ngj, N1, N1, N2, Nep and Ny for l7¢
should make e ®uy; = —1i, P yy = —i, el (@1F9)y,, = 1.

3. Simulation and discussion
3.1. Simulation method

The first task of the simulation is to ensure the effective-
ness of circuit design of DFTQs, which means the responses
of ip(t) to the input SFQ pulses of DFTQs should be consistent
with the prediction by Eq. (5). The transient simulations with
circuits shown in Fig. 4 are performed in Keysight’s Advanced
Design System (ADS). The circuit model of an ideal Joseph-
son junction for simulation is built as a symbolically defined
device (SDD) in ADS based on Josephson equations.?*! This
method has been elucidated in Ref. [25]. The SFQ pulses sent
to ports P1-P4 are generated by 4 DC/SFQs, driven by time-
dependent current sources Isp—Isp, respectively. P5 and P6 of
the DFTQ are connected to the inductor Ly, as described in the
previous text.

For gate simulations, the circuit schematic diagram is
shown in Fig. 3(a). The waveforms of i, (¢) and iy(¢) are
extracted from the simulations of DFTQs with specific input
SFQ pulses. Then the waveform data is imported to the Hamil-
tonian described by Eq. (21), which is encoded as a time-
domain function in Python programs for solving the states of
qubits. The function as the solver, mesolve(), is called from
QuTip, a set of open-source Python software for simulating the
dynamics of open quantum systems.!?>%7] The state probabil-
ities and phases of qubits can be calculated with the solutions
of states, which can be used to analyze gate operation time and
gate fidelities.

For the convenience of evaluating the precision of a
DFTQ, one can define

re = @/ Py, (47)

re = (Pf / (I)() (48)
as the ratios of the increment units of the flux @, with coarse
tuning and fine-tuning by DFTQ to the flux quantum @, re-
spectively. rf should be small enough for high precision.
Meanwhile, to obtain fast operation, . should be big enough
for ip(t) to quickly reach the target value iwreer. The ratio of
the two increment units can be defined as

Fef = d’c/¢f. (49)
The three ratios should be set properly when the DFTQ is de-
signed. In the following simulations, the parameters above are
re =0.032, r; = 0.001 and rs = 32.

3.2. Simulation of a single DFTQ

The circuit parameters for testing DFTQ are shown in Ta-
ble 1. Simulation results for the case of Ar = 1 ns, N, = 2,
Nr =2 and N; = 10 are shown in Fig. 5. With triangular cur-
rent excitation pulses from current sources, Isa—Isp, as inputs,
the four DC/SFQs in Fig. 4 can generate SFQ pulses with dif-
ferent Az, N, Ny and N;. The curve of i,(¢) is similar to that of
i,(¢), which increases or decreases step by step when an SFQ
pulse is input to the DFTQ and maintains at a constant when
no SFQ pulse is input.

To verify the effectiveness of Eq. (5), simulations with
combinations of N; = 10, Ar = 1 ns and different values of
N. and Ny are carried out to see the differences between the
simulation results of the ip(¢) and the predictions of Eq. (5),
which are shown in Table 2. The values of Ai;. and Ai; in the
simulations are a little smaller than those of the predictions.
It can be seen that the relative errors of simulation results to
the predictions are all around —2%, which means Eq. (5) can
basically predict the output signal iy(r) of the DFTQ. For de-
signing a DFTQ, Eq. (5) can be helpful for determining the
rough ranges of the values of the inductors listed in Table 1. In
the following simulations of the Z gate and the iISWAP gate,
the value of Ly, is revised as 220.72 pH to eliminate the relative
erTors.

Table 1. DFTQ circuit parameters for DFTQ simulation.

Value Value Value Value
Parameter Parameter Parameter Parameter
(HA) () (pH) (pH)
Ji 80 Ry 0.766 Ly 200.00 M, 147.13
J 80 Ry 0.766 L 169.11 M, 459.77
J3 80 R3 0.766 L3, 200.00 Ly* 229.89
Ja 80 Ry 0.766 L3 169.11 M 20.00

*Note: L, is revised as 220.72 pH for the following Z gate and iSWAP
gate simulations.
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Table 2. Differences between simulation results and predictions of Eq. (5) for iy (7).

Parameters Simulation results (LA) Predictions (pLA) Relative errors (%)

N, N¢ Ai; in avg. Aif in avg. max ip(r) max ip(r) for Ai, for Aig for max i, (r)

1 0 3.2430 - 3.2430 3.3085 —1.9808 - —1.9808

0 1 - 0.10130 0.10130 0.10339 - —2.0231 —2.0231

1 1 3.2427 0.10130 3.3440 34119 —1.9898 —2.0231 —1.9908

2 0 3.2425 - 6.4850 6.6171 —1.9959 - —1.9959

0 2 - 0.10135 0.20270 0.20678 - —1.9747 —1.9747

2 1 3.2429 0.10135 6.5870 6.7205 —1.9853 —2.0231 —1.9859

1 2 3.2423 0.10135 3.4550 3.5153 —2.0019 —1.9747 —2.0003

2 2 3.2427 0.10135 6.6880 6.8239 —1.9913 —1.9747 —1.9908

3 0 3.2427 - 9.7280 9.9256 —1.9908 - —1.9908

0 3 - 0.10133 0.30400 0.31018 - —1.9909 —1.9908

3 1 3.2426 0.10130 9.8290 10.029 —1.9939 —2.0231 —1.9942

1 3 3.2430 0.10133 3.5470 3.6187 —1.9808 —1.9909 —1.9816

3 2 3.2424 0.10135 9.9300 10.132 —1.9979 —1.9747 —1.9974

2 3 3.2425 0.10133 6.7890 6.9272 —1.9959 —1.9909 —1.9957

3 3 3.2420 0.10133 10.030 10.236 —2.0110 —1.9909 —2.0104
Isa The qubit parameters for the Z gate simulation are shown in
. Table 3, with idle frequencies f; = @;/(27) = 5.957 GHz and

' P2 prrq f» = @ /(2w) = 5.359 GHz for qubit 1 and qubit 2, respec-

I
P e S¢_I"DC/SFQ |{P3

I
¢ e S0 DC/SFQ P4

Fig. 4. Simulation circuits for testing DFTQ. SFQ pulses generated from
DC/SFQs are input to ports P1-P4 of the DFTQ. P5 and P6 are connected
to the inductor L,. DC/SFQs are driven by the current sources Isa, Isg,
Isc and Isp.

= a —Iss (A
<j1 300} ( ) sa (nA)
‘{; —Isp (1A)
5 200y —Isc (nA)
t 1001 Isp (nA)
3
~ 0 - L
S 0.2t (®) — Vi (mV)
& — Vpp (mV)
E 0.1f — Vp3 (mV)
1 Ve, (mV)
>E 0
7.5F (¢)
E 5.0
= 25t
0 " . . .
0 2.5 5.0 7.5

10.0 12.5 15.0 17.5 20.0
Time t (ns)

Fig. 5. DFTQ simulation results. (a) Input signals to DC/SFQs from
current sources. (b) Input SFQ pulses generated from DC/SFQs, with
At =1ns, No =2, Ny =2, Ny =10 and iref = 0 A. (c) Inductor loop
current i,(t), with a curve similar to that in Fig. 2(b).

3.3. Simulation of Z gate

The Z gate simulation here is only for the Z gate per-
formed to qubit 1. The simulation for the Z gate performed
to qubit 2 can be carried out in a similar way. The parameters
of the two DFTQs in Fig. 3(b) are set according to Table 1.

tively, which are selected for gaining a sufficiently high gate
fidelity. These frequencies can be realized by designing bare
frequencies of qubits or setting the reference levels i.f; and
irepp of DFTQs. Ejp1, Eypo, Epp and Ejp; are the Josephson
energies of Josephson junctions Ji1, Ji2, Jo1 and Jyy, respec-
tively. Ec; and Ec; are the charging energies of capacitors Cj
and C,. The units of these parameters have been transformed
to GHz or MHz by dividing them by Plank constant 4 or 27.

Table 3. Qubit parameters for Z gate and iSWAP gate simulations.

Value Value Value
Parameter Parameter Parameter
(GHz) (MHz) (MHz)
E_]]]/h 10 ECl/h 240 061/(271') —240
E_]]z/h 10 Ecz/h 240 ocz/(27r) —240
Epi/h 8.163 fi 5957 g/(2m) 6.25
Em/h 8.163 f 5359

To determine the waveform parameters of iy () and ip>(7)
including Nc1, Nti, N1, Nea, Npp, Nip and At, the unitary matrix
0DFTQ,Z] of Z gates with different waveform parameters are
first calculated according to Egs. (30)—(32) and (20). Then the

corresponding final state fidelities are obtained by!*®!
- 1 1 .~
F (Ur,W,N) = §+ﬁRe{Tr (W'lr)}, (50)

where W is the ideal gate, Uy is the gate performed, and N is
the dimension of these matrices. To calculate the final state
fidelity of the Z gate to qubit 1, there should be W = Uideal,m,
Ur = 0DFTQ721 and N = 4. The combinations of parameters
of waveforms with gate fidelities over the threshold for error
correction can be collected and put into a set. Then the com-
binations with short operation time and few Josephson junc-
tion switching times are selected for waveform generation.

070305-7



Chin. Phys. B 33, 070305 (2024)

The waveform parameters of i, (¢) and ip> () for this simu-
lation are N;;y =4, Nip =2, Nip = 3, Noo = Npp = N = 0 and
At =0.4 ns.

The results of Z gate simulation are shown in Fig. 6. The
final state fidelity is 99.948%, with the total gate operation
time 77 = 5.2 ns. When qubit 1 is idle, the qubit frequency
fql(t) = 0q1 (I)/(zﬂ') = f1 = 5.957 GHz. When (Pel(l‘) turns
to the maximum (Pej max = 4P + 2Pr = 0.13dy), its fre-
quency fq1(t) turns to the minimum, 5.696 GHz. The maxi-
mum external flux @¢ max corresponds to ipi (1) = 13.439 pA.
The variation of fg () increases when n¢ () and n¢(r) increase,
so the phase of qubit 1 (¢;), changes faster with bigger iy ().
Considering the lowest three energy levels of each qubit, the
initial state of the two-qubit system is

1
Hoie = 5 (100) +01) +[10) +[11))
~[050500505000]". (51)

The ideal end state should be

1

Fendideal = 7 (|00) 4-[01) —[10) —[11))

2
= [05050-05-05000]". (52

With the Z gate described above, the end state computed by
simulation is

0.50127944
0.50377703 +0.001341981
—0.00885927 — 0.006693371
—0.49622297 4 0.02807619i
—0.49708356 +-0.021815541 | . (53)
0
—0.00502104 —0.013558471
0
0

q’end,sim =

129.30] §g per-

The standard quantum process tomography
formed in order to fully understand the process of the Z gate
to qubit 1. The operation of a quantum gate V (like Z, iSWAP
or other gates) can be represented by the bases E,,, of the oper-

ator
V = Z emE}’VH (54)
m

where E,, belongs to a set of tenser products of two Pauli op-
erators, that is, E,, € {P,® P;} (P,,P; € {1,X,Y,Z}). The end
density matrix from the evolution of the initial density matrix
p in the process € can be defined by

e(p)=VpVv". (55)

Considering the two equations above, the process € can be ex-

pressed by (29301

e(p) =Y XmmEnpEy, (56)

where Y., = eme; is the element at the m™ line and n™ column
of a matrix . It is called the process matrix, which fully char-
acterizes the operation to the initial density matrices of qubits,
so the target of process tomography is to obtain ). The pro-
cess fidelity F, is obtained with the trace of the product of x

and the ideal process matrix Jigear:"> "

Fp = tr(Xideal X )- (57)
Then the gate fidelity F, independent of the initial states can
be calculated with[3!-33]

1+dF
£ 14d

(58)

where d = 2V is the dimension of Hilbert space of the N-qubit
system. For two-qubit systems, d = 2% = 4.

E 0.2 —Vp; (mV)
LS ——Voy (mV)
& 01 —Vpy (mV)
§ 0 Vpy (mV) -
2
0.15
3
% 0.10
=
~ 0.05
3
IS
0
6.0
S
jas
9 58
£
= 56
1.0
E — o1 (m)
§ 0.5 — @2 (m)
<
=
A~ 0
1 2 3 4 5 6
Time (ns)

Fig. 6. Simulation results of the Z gate for qubit 1. The waveform
parameters are Noy =4, Nfj =2, Njy =3, Noo =0, Npp =0, Np =0
and At = 0.4 ns. The final state fidelity is 99.948% with the total gate
operation time 77 of 5.2 ns. The maximum external flux is Pei max =
4. +2Pr = 0.139Py. (a) SFQ pulses generated from DC/SFQs. (b) The
external flux @1 (¢) of qubit 1. (c) The bare frequency of qubit 1, fqi (¢).
When qubit 1 is idle, fq;(r) = fi = 5.957 GHz. When & (¢) turns to the
maximum (corresponding to ip; (f) = 13.439 pA), its frequency turns to
the minimum, 5.696 GHz. (d) The phases of qubit 1 and qubit 2. When
the Z gate for qubit 1 is performed, its phase is changed faster with bigger
ip1 (¢) and the phase of qubit 2 remains unchanged.

The ideal process matrix xizdéa] of the Z gate to qubit 1
and its process matrix %! from simulation are plotted in
Figs. 7(a)-7(d). The line numbers and column numbers on the
axes of all subfigures in Fig. 7 are replaced by labels of cor-
responding basis E,,. For example, the line number 1 and the
column number 1 are replaced by the label “II”, which repre-
sents the basis £y = I ® 1. For the ideal Z gate, there is only
one non-zero element at the “Z/” line and the “ZI”” column in
the real part of xﬁéal, which is consistent with the unitary op-
erator Uigeal z1 = Z® 1. However, x*! has non-zero elements
corresponding to the bases with line or column labels “XX”,
“YY” in the real part and “II”, “ZZ” in the imaginary part.
This leads to the imperfect process fidelity ]_-pz ! of the Z gate,
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99.918%, and thus the gate fidelity ]-'ng 18 99.935% according
to Egs. (57) and (58). To show the difference more signifi-

71
Xideal

XZl

ANNA
X7~ Xideal

11
IX
Yy
1Z
XTI
XX
XY
XZ
YI
YX

YZ

zI
zZX
zY

ZZ

17
IX
Yy
1z
X1
XX
XY
XZ
YI
YX

YZ

zZI
zZX
zYy

ZZ

17
IX
1y
1z
XTI
XX
XY
XZ
YI
YX

YZ

zZI
zZX
zYy
4

cantly, Figs. 7(e) and 7(f) present the real and imaginary parts
of the difference between the two process matrices.

Real part Imaginary part
1.00
C nF
b
G xk ®
0.75
L wk
- IZ -
0.50
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- XX -
0.25
- XY -
- XZ -
0
- YI -
- YX -
—0.25
- YY F
- YZ +
—0.50
[ 0l
- ZX +
—0.75
- ZY +
z7 F
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _100
I IXTY I1Z XIXXXYXZYIYXYY YZ ZI ZXZY ZZ I IXTY 1Z XIXXXYXZYIYXYY YZ ZI ZXZY ZZ
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0.75
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0.50
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- XX -
0.25
- XY -
- XZ -
0
- YI -
- YX -
—0.25
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Fig. 7. Results of quantum process tomography to the Z gate for qubit 1
ideal process matrix xﬁé‘,ﬂ of the Z gate, respectively. (c) and (d) The real and imaginary parts of process matrix %! from the Z gate simulation.
(e) and (f) The real part and imaginary parts of the difference between the two process matrices, y%' — xﬁ;a]. The process fidelity .F[,Z Uof the Z
gate is 99.918% and thus the gate fidelity FgZ ! calculated with the process matrix is 99.935%.

3.4. Simulation of iISWAP gate

The iSWAP gate simulations are performed for two spe-

cific initial states. The parameters of the DFTQs and qubits

are set as the same values of the Z gate simulation. Before

running the program for simulation, the waveform parame-
ters of ip(r) and ipy(#) including Neo, Nyo, Nio, Net, Nri, Nats
Nc2, Ny, Ny and Ar shown in Fig. 3 should be determined.

1T IXIY 1Z XIXXXYXZYIYXYY YZ ZIZXZY ZZ

of the two-qubit system. (a) and (b) The real and imaginary parts of the

In order to tune the frequency of qubit 1, f4i(z), to be the
same as the bare frequency of qubit 2, f>, there should be
N = 6 and Nyg = 4. Then, because the coupling strength
is g/(2m) = 6.25 MHz, with Ny = 100 and Ar = 0.4 ns,
there should be gNyoAt = /2,11 which means NygAtr = 40 ns
is spent for swapping the states of qubits. After swapping
states, the phases of qubits may be different from —7 /2 + 2nm
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(n € Z), which corresponds to the probability amplitude —i, so
a gate for adjusting the phases, l:/q, (Ne1,Ng1, Ne1, Nea, N, N )
is required. To get the right phases —x/2 + 2nx, the simu-
lation of swapping states is carried out and the phases at the
end of swapping, @1 swap and @ swap, are calculated with the
end state of swapping before U¢. Then the combinations of
values of N.i,Nfi,Ni,Ne2,Nry and Ny, are searched for the
proper one to eliminate the differences between the phases
and —7m/2, so that @; = @1 + Qi swap = —7/2 + 2n 7 and
02 = 02+ Q2 swap = — /2 +2no7 (ny,n3 € Z). For this work,
Neit =2,Nfp = 1,Ny = 6,Ny =3,Npp =0 and Np = 2. At
last, the formal iISWAP gate simulations with all the parame-
ters mentioned above are performed.

(=) 0.2 *VPLQ1 (mV) 7Vl’3.Ql (mV)
[ ——vEe 1
0 AL LU
() 0.2 7VP1.QI (mV)
) Il
0
(e) 0.2
0.1 j — De(t) (o) L‘I\\
o Doy (t) (Do) ijl
(d) 6.0
5_5ﬂ — far(t) (GHz) — fou(t) (GHz) Hf”ﬁ_f
5.0
(e) 0.50
0.25—— — P (¥=[10)) — P (¥=]01)) =
0
(f) 1.0 o™
AT
~1.0 VVVVVVVVVVVVVVVVVVVvvvvvw—/
(g) 1.0
S — P w=]10))
‘ P (7=101))
0
(h) 1.0 (
MMM 2=
710 | A A A A A A A A A A A A A A S S A AN AN A AN A 4 L—\/
20 30 40 50

0 10
Time (ns)

Fig. 8. Simulation results of iSWAP gates. The waveform parameters
are Neg = 6,Nyp = 4,Nyg = 100, Ne; =2,Ny; = 1,Nyy = 6,Neo =3,Npp =
0,Np =2 and Ar = 0.4 ns. For the initial state (]00) + [01) + |10) +
[11))/2, the final state fidelity is 99.843%. For the initial state |10),
the final state fidelity is 99.692%. The total operation time is 51.6 ns.
(a) The SFQ pulses input to DFTQ 1 for qubit 1. (b) The SFQ pulses in-
put to DFTQ 2 for qubit 2. (c) The external fluxes Pe;(¢) and Per(r)
of qubit 1 and qubit 2, respectively. (d) The bare frequencies fq;(r)
and fy(r) of qubit 1 and qubit 2, respectively. (e) The probabilities of
states |10) and |01) for the initial state (|00) + |01) + [10) + [11))/2.
(f) The phases ¢; and ¢, of qubit 1 and qubit 2 for the initial state
(|00) + |01) 4 |10) +|11))/2, respectively. (g) The probabilities of states
[10) and |01) for the initial state |01). (h) The phases ¢; and @, of qubit
1 and qubit 2 for the initial state |01}, respectively.

Figure 8 presents the simulation results of iSWAP gates.
Figures 8(a) and 8(b) are SFQ pulses input to DFTQs. Fig-
ure 8(c) shows the external fluxes &, and P.;, which are sim-
ilar to the waveforms of inductor loop currents shown in Fig. 3.
In Fig. 8(d), the bare frequency of qubit 1, f4i(¢), is changed
to the bare frequency of qubit 2, fy2 (1) (fo2 () = @q2(t)/(27)),
when the states are swapping, then the phases of qubits are ad-
justed with their small variation. Figures 8(e) and 8(f) show

the probabilities of |10) and |01) for different initial states,
1
Hor = 3 (100) +101) +10) + 1)
—[0505005050000]", (59
Yo = [10)=[000100000]", (60)

respectively. The corresponding ideal end states are
1
2
= [0.5 —-0.510 -05105000 O}T, (61)

lPendl,ideal = (|00> - i|01> - i|10> + |11>)

Wond2,ideal = —1[01) = [O —-1000000 O}T. (62)
The corresponding end states in the simulation results are

0.51021949
—0.00604606 — 0.489072641
—0.01499452 +0.00097861
—0.03236018 — 0.515759291
0.48038327 —0.036842631
0
0.03057866 —0.010312021
0
0

0
0.08013727 — 0.993697711

0
—0.07257209 — 0.029600061
lPendZ,sim = 0 . (64)
0
0
0
0

'Pendl,sim = s (63)

Figures 8(g) and 8(h) show the phases of qubit 1 and qubit 2
for the two different initial states. The total gate operation time
is Tiswap = 51.6 ns with gate fidelities 99.843% for ¥,;;; and
99.692% for Wi

The standard quantum process tomography for the

iISWAP gate is also performed. The ideal process matrix

iISWAP
Xideal

simulation are plotted in Figs. 9(a)-9(d). The process matrix

of the iISWAP gate and its process matrix ' SWAP from

2'SWAP has non-zero elements corresponding to the bases with
labels including “I1Z”, “XY”, “YX”* and “ZI” in both real and
imaginary parts, which are not required for gate operation and
lead to the imperfect process fidelity f[i)SWAP of the iSWAP
gate, 99.596% and the gate fidelity Fio AP = 99.676% ac-
cording to Egs. (57) and (58). The elements corresponding to

iSWAP iSWAP
and Xige, in

Figs. 9(e) and 9(f) are more prominent than other not-required

“IZ” in the matrix of the difference of y

elements, which means the gate error caused by control er-
ror mainly comes from imperfect phase adjustment to qubit 2
after state swapping. Apart from the control error and de-
coherence, leakage of energy to non-computation-basis lev-
els also leads to gate error. For a system consisting of qubit
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A and B coupled with a capacitor, the leakage from |11) to
(]20) 4-102))/+/2 occurs when the transition frequency of the
second and the third energy level of qubit A, szl, sweeps by
the transition frequency of the first and the second energy level
of the other qubit B, f5 .14 Here, in the simulation for the
initial state (]00) 4 [01) + [10) +|11))/2, there is leakage of
a small part of energy from state |[11) to (]20) + [02))/v/2,
which can be found with the non-zero elements at the third and

in Eq. (63). Leakage can also be found in the Z gate performed
to qubit 1 with the elements at the third and the seventh lines
of Wend sim in Eq. (53), which is weaker than that of the iSWAP
gate because there is still a detuned amount of f3} and leo of
5.456 — 5.359 = 0.097 GHz for the Z gate. Leakage can be
suppressed by synchronizing the entangling parameters (hold
time, overshoot frequencies and interaction frequencies), leak-
age channels, and the weakly frequency-dependent interqubit

the seventh lines (corresponding to |02) and |20)) of ¥nqi sim coupling. 34!
Real part Imaginary part
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Fig. 9. Results of quantum process tomography to the iSWAP gate. (a) and (b) The real and imaginary parts of the ideal process matrix yi>WVAP

ideal

of the iISWAP gate. (c) and (d) The real and imaginary parts of the process matrix )_(iSWAP from iSWAP gate simulation. (e) and (f) The real
and imaginary parts of the difference between the two process matrices, y'SWVAP — xi‘gevaleP. The process fidelity ]-";,SWAP of the iSWAP gate is

99.596% and thus the gate fidelity 7i>VAP calculated with the process matrix is 99.676%.

070305-11



Chin. Phys. B 33, 070305 (2024)

4. Summary

In order to realize RSFQ-based flux tuning for flux-
tunable transmon qubits, a circuit called digital flux tuner for
qubits (DFTQ) is proposed. This work analyzed the circuit
schematic diagram of the DFTQ consisting of a fine-tuning
unit and a coarse tuning unit, and derived the formula pre-
dicting the inductor loop current for tuning the flux with SFQ
pulses as inputs. The control model of Z control to a two-
qubit system is established for Z gate and iSWAP gate simu-
lations. The method of simulations based on ADS and QuTip
for a single DFTQ, a Z gate and an iSWAP gate by DFTQs
is introduced. Results show that the predictive values of the
inductor loop current of the DFTQ are different from simula-
tion results with relative error of about —2%. The final state
fidelity in the Z gate simulation is 99.948% with the total op-
eration time of 5.2 ns. The final state fidelities in the iSWAP
gate simulations are 99.843% and 99.692% for two different
initial states, with the total operation time of 51.6 ns. The
standard quantum process tomography for the Z gate and the
iSWAP gate is performed and the corresponding gate fideli-
ties are 99.935% and 99.676%. Gate errors are mainly caused
by the control error of qubit phase adjustment and the leak-
age to non-computation-basis energy levels. In conclusion,
the DFTQ is able to perform Z gates and iISWAP gates for
flux-tunable transmon qubits with pure SFQ pulse sequences
as inputs, which means the DFTQ has potential to be a crucial
part of QCI for the Z control of qubits.

Appendix A: Derivation of formula for inductor
loop current

According to Kirchhoff’s voltage law, the relationships
between the voltages of nodes A, B, C and D in Fig. I are

N N, dig(t) B dip (1)
VA(t) VB(I ) =L ar’ M, ar (Al)

dip (¢’ di, ('
wﬁﬁ—%@@=u1§§>—Mzgix (A2)

When P5 and P6 are connected to the inductor L, there
is

dip(t") m diy (1)

din(#')
de’ a M

0= (Lia+Ls+Ly) o

. (A3)

With the zero initial condition, integrating both sides of
Egs. (A1)-(A3) with O as lower bound and time ¢ as upper

bound yields
@A(l‘)—@B(Z)=L11i1(l‘)—M1ip(t), (A4)
Dc(t) — Pp(t) = Laria(t) — Maip(t), (AS)
0 = Lyip(t) — Myiy (t) — Maia (1), (A6)

where
t
B (f) = / Va(f)dr, (A7)
0
t
By(1) = / Ve (') dr', (A8)
0
ot
@) = [ Vel)ar' (A9)
0
r
Dp(t) = [ Vp(')dr, (A10)
0
Ly = Lis+ Lay + L. (A11)
Then, let
Da (1) — Pp(t)
b(t) = | Pc(t) — Po(t) |, (A12)
0
i1 (1)
i(t) = |iar) |, (A13)
ip(t)
Ly 0 —-M,
L=| 0 L3y M|, (Al4)
-M; —M, Ly
so that accroding to Egs. (A4)—(A6) we have
&(1) = Li(t). (A15)
To get (), we have
i(t) =L '®(1), (A16)
where
LyLy—M; MM,  LyM,
L' = MMy Ly Ly —M? LijM,
M L3, LMy  LyL3
! (A17)

X 5 5
Ly1L31Ly —M5Ly — MiLs;
Therefore, with Egs. (A12), (A13), (A16) and (A17), the

inductor loop current i, (¢) is obtained as

_ MLy [Pa(r) = Pa(1)] + ML [Pe(r) — Pp ()]
Li1L31 Ly —M3Lyy — M3 L3, '

ip(?)
(A18)
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