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INTRODUCTION

Quantum computers promise enhanced computational power beyond the realm of classical computing hardware (A. Montanaro, 2016). One of
the main hurdles in building scalable quantum hardware is noise that can limit their performance. Characterization and control of quantum noise
is thus crucial in the development of Noisy Intermediate-Scale Quantum (NISQ) processors (J. Preskill, 2018). Use of present-day noisy
quantum computers requires us to ascertain how close are the solutions obtained to the ideal ones. To this end, efforts have been put in towards
proof-of-principle tests of various available quantum processors. Cloud quantum computing based on IBM Quantum Platform [3] has made it
possible for global users around the world to explore quantum information processing without their own hardware devices. In this work,
weemploy the IBM open access 7-qubit quantum processor ibmg_nairobifor Bell state tomography.We adapt a tomography scheme consisting of
7 measurements (S. Dogra et al, 2021) on the qubits q0, ql of ibmg_nairobiprocessor and experimentally reconstructthe Bell state density
matrices. Organization of our paper is as follows: In Section 2 we give a basic description of quantum state tomography scheme, involving 1 and
2 qubit gates, followed by measurements for reconstructing an arbitrary 2-qubit density matrix. Quantum circuits for the construction of Bell
states is also given in this section. Section 3 gives a brief overview of the architecture of the 7-qubit quantum processor ibmq_nairobi.
Probabilities of measurement outcomes in 5 different trials (with 20,000 shots/trial) of the 7 tomographic operations on a// 4 input Bell states are
subjected to error-mitigation (A. W. R. Smith ef a/, 2021). This is followed by the reconstruction of Bell state density matrices. In Section 4 we
evaluate quantum fidelity of input Bell state density matrix with (a) the experimentally reconstructed one & (b) that retrieved after error-
mitigation. Section 5 gives a summary of our results.

Quantum Tomography of 2-Qubit State

Qubit Gates and Measurements: A chosen set of 1 qubit gates i.e., Hadamard & X, Y, Z (which are 2 X 2 Pauli matrices), Rotation gates and 2-
qubit Controlled NOT or CNOT gate is employed in quantum computation task. Any arbitrary unitary transformation on n-qubit state can be
constructed using these single and two-qubit gates (A. Barencoet al, 1995). In Table 1 we illustrate the symbols and mathematical representation
of qubits, gates and measurements.
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Density Matrix of 2-qubit system: A 2-qubit system is characterized by a 4 X 4 density matrix

Poo;00 Poo;o1  Poo;i0  Poo;11 P11 P12 P13 Pia
Po1;00 Po101 Por;i0 Pot;at | _ [ P21 P22 P23 P24
T\ Proj00 P1o01 Pro;i0 Pro11 | T\ P31 Pz Pz Paa
P11;00 Pi1;01 Pi;10 0 P11 Pa1 Paz  Pa3  Paa

which satisfies the properties (i) Hermiticity: p = p*(ii) Unit trace condition: Trp=1(iii) Positive semi-definiteness: p > 0. These properties lead to 2* — 1 =15
real independent parameters governing the 2-qubit density matrix.

Table 1. Circuit symbol and associated matrices for qubits, Hadamard, Rotation, CNOT gates and Z measurements.

o=()
0-()

1
i Hzﬁ[i —11]

Circuit symbol & Matrix Representation
Qubit:

Hadamard Gate:

Rotation Gate: 0 )
—{ Rx(f) — _ COS; —lsm;
RX(G)_ ) 0
—isin- cos—
2 2
CNOT Gate:
—— 10 00
_|001 00
i CNOT=1y ¢ 0 1
0010

Z measurements with outcomes 0, 1

o ol S I S

In order to determine the real independent elements of 2-qubit density matrix the tomography scheme (S. Dogra ef al/, 2021) involving a set of 7
measurements is employed (see Table 2). In particular, explicit evaluation gives P,,=(p11, P22, P33) Paa)"» Prizz(0,0) — Py, (1,0)= 2Repss,
PHZZ(O'l) - Psz(lrl): 2Rep24—¢ PZHZ(O'O) - PZHZ(Oil)ZZRCPIZs Psz(l'O) - PZHZ(1'1)=2Rep34>PZRZ(O'0) - PZRZ(O' 1) =2 ImplZa
Pzgz(1,0) — Pog,(1,1)=2Imp34,Pp,,(0,0) — Pr,;(1,0) = 21mpy3, Pryz(0,1) — Pry(1,1)=  2Impas,  Peyzz(0,0) — Poy,y,(1,0) = 2 Repyy,
Pcpz7(0,1) — Pepz,(1,1) = 2 Repys, Peryz(0,0) — Pepyz(1,0) = 2 Impyy, , Pegyz(0,1) — Pepy,(1,1) = 2 Impy;.

Bell States: Bell states {|®J_r) = % , W’i) = %} form maximally entangled orthogonal & complete set of basis states of the two-

qubit Hilbert space. Density matrices of Bell states are given by,

10 0 #1 00 0 0
110 0 0 0 110 1 £1 0
po, =190 @1 =31 o g o o [owe =N =300 41 T o
+1 0 0 1 0 0 00

Table 2. Quantum tomographic scheme for 2-qubit system

Tomographic operations Experimental probabilities of z measurements on both the qubits with outcomes i,j = 0,1 Elements of p

Q1 Py = (P (i) = Tr(pll; ® 1))} P11.P2z P33, Paa

H®I ﬁsz = {Psz(i,j) = Tr(pHI;H ® Hj)} Repyz, Repyy

I ® Ry (m/2) ﬁsz = {Psz(i:j) = Tr(pIl; @ Ry(m/2) HijT(T’-'/Z))} Impy,, Imps,

IQH ﬁsz = {Psz(i:j) = Tr(pll; ® H HjH} Repy,, Repsy

Ry(/2) ®1 Pazs = {Pres(L)) = Tr(pRy(n/2) iRy (n/2)) @ 11} Impy3, Impyy

(H ® I) CNOT Petizz = {Penzz(i,j) = Tr(pCNOTH I;H @ I1,CNOT} Repya, Reps

(Rx(m/2) ® I) CNOT Perzz = {Peuzz(i,j) = Tr(pCNOTR, (7r/2) IR, (1r/2) @ I1,CNOT} Imp, 4, Imp,;

Details of the Experiment and Error-Mitigation

We had open access limited to 10 minutes per month to IBM quantum chips with 7 physical qubits during September 2023. We employed the
zeroth and first qubits g, g; of IBM 7-qubit processor ibmg_nairobi for the experimental creation and tomography of Bell states. Architecture
and characteristics of qubits gy, g; of ibmq_nairobi is shown in Figure 1.
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Architectureof 7-qubit quantum processor ibmq_nairobi
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CNOT error

Calibration characteristics of qubits ¢4, ¢q;

T1: Energy relaxation time, T2: Dephasing time

. Error Error
Qubit T1 (us) T2 (us) P(O]1) P(1]0) CNOT error
0 98.75 32.37 0.0320 0.0132 0.00918
1 126.96 88.59 0.0286 0.0114

Figure 1. Architecture and calibration parameters characterizing qubits q0, q1 of the 7-qubit superconducting quantum processor
ibmq_nairobi (Credits-IBM)

We created the Bell states

D)

_ 10,0)%]1,1)
7z

W)

_ 10,1)+[1,0)

V2

and carried out 5 trials with 20,000 number of shots per trial of the 7

tomography operations (see Figure 2 for the quantum circuits corresponding to all 7 tomography operations of Table 2). Experimental counts

_ 10,0)+]1,1)

recorded for theset of 7 to mographic measurements on the Bell state |®,)

V2

in one of thetrials with 20,000 shots is shown in Figure 3.
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Figure 2. Quantum circuits for the 7 tomographic operations given in Table 2
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Figure 3. Counts recorded in an experimental trial for the 7 tomographic operations on the Bell statestate |®,) =

10,0)+]1,1)
—a Total

number of counts: 20,000.
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Quantum error-mitigation: Majorchallenge faced by quantum computers of the NISQ era is to overcome noise. One needs to worry about the
quality of the qubits in a quantum processor. IBMquantum computers are intrinsically noisy due to imperfect control over their qubits. Quantum
error-mitigation (S. Dogra et al, 2021 and A. W. R. Smith et al, 2021) approach is useful to reduce the effective damage caused by noisy
qubits.Consider the experimentally extracted probability vector B, = Tr (M, p M, ") associated with the outcome @ = 0,10of measurement
operatorM,in aqubit state, characterized by the density matrix p. One may envisage a possibility of wrongly obtaining the outcome 1 when the
qubit is in fact prepared in the state |0). Similarly, it is possible to register the result 0 for the input qubit state [1)in a noisy measurement.
O D .
T ) where )=

probability of correctly finding 0 (1) when the i"qubit (which is subjected to measurement process) is in the state 0 (1) and

Corrected probability vector ﬁcm(i)= F,71 p® is obtained with the help of the 2 x 2 calibration matrix F; = (

1- fo((?): probability of wrongly obtaining 0 (1) when the i qubit is in state 0 (1). Corrected two-qubit probability vector isconstructed by using

ﬁcorr(qoqu) = Fq_O%ql
4 X 4 matrix Fgoq1 = Fqo @ Fg1. We construct corrected probability vectors ISZZC, ﬁsz C,ﬁzHZ o ﬁRZZC, ﬁsz crﬁCsz o ﬁCRZZC from the
probability vectors f’zz, ﬁsz'ﬁsz' ﬁRZZ, ﬁsz'ﬁCHZZ'ﬁCRZZ (see Table 2) extracted experimentally. We thus obtain uncorrected experimental
density matrices pg, B, py, EXP) as well as the corrected ones pg,, (™), py, O™ (retrieved from error-mitigated probabilities) for all the four

Bell states.

(%91 where the two-qubit calibration matrix corresponding tomeasurements on two of the qubits gy, ¢, , is given by the

Quantum fidelity of theoretical and experimentally tomographed bell states before and after error-mitigation

Quantum fidelity of two density matrices p and o, given as F(p,g) = Tr(pl/ 2gpl 2)1/2, is a measure of how close are the two states. We
evaluate quantum fidelities (i) F(po LEPY pg, i), F(py LR, py i) and (i) F(po L, pg, 1)’ F(py L, py i) of experimentally
reconstructed Bell state density matrices before and after error-mitigation i.e., (i) po i(EXpt), Pw i(EXpt) and (ii) po i(c"rr), Pw i(co”) with theoretical
Bell state density matricespg, , Py, . The fidelities before and after error-mitigation for all four Bell states reconstructed from the Sexperimental

trials are listed in Table 4. Inferring from the Table 4, it is evident that there is a marked improvement in quantum fidelities after error-
mitigation.

Summary

We have investigated the performance of IBM open access 7-qubit quantum processor ibmg_nairobifor Bell state tomography. Choosing a
tomography scheme consisting of 7 measurement operations on the zeroth and first qubits q0, ql of ibmq nairobiquantum processor we
reconstruct the Bell states experimentally. We have used the standard error-mitigation approach to extract corrected experimental probability
vectors which in turn determine the corrected Bell state density matrices. It is shown that the quantum fidelity gets enhanced significantly after
error-mitigation. Our tomographic measurements serve as a proof-of-principle demonstration of the basic processes in a quantum computer.

Table 3. Quantum Fidelities of Bell states before and after error-mitigation

Bell state |®,) = |00)+|11) Bell state |¥,) = w
Trial No. F(p¢+(E"p')_ p¢+) F(p¢+(c""), p¢+) Trial No. F(pq,Jr(ExP'), p¢+) F(p¢+(c""), p¢+)
1 0.93 0.97 1 0.92 0.97
2 0.94 0.97 2 0.93 0.97
3 0.89 0.96 3 0.91 0.96
4 0.96 0.97 4 0.94 0.99
5 0.93 0.99 5 0.93 0.98
Bell state |®_) = w Bell state |W_) = L_le)
Trial No. F(po_®,po_) F(po_ ™, po_) Trial No. Fpy %, py_) F(py ", py_)
1 0.91 0.96 1 0.89 0.98
2 0.91 0.97 2 0.92 0.98
3 0.88 0.95 3 0.88 0.96
4 0.92 0.98 4 0.91 0.98
5 0.92 0.98 5 0.90 0.98
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