Mangini et al. EPJ Quantum Technology (2022) 9:29 @ E PJ Qua ntu m TeCh nO|Ogy
https://doi.org/10.1140/epjqt/s40507-022-00151-0 a SpringerOpen Journal

.0rg
B,

Qubit noise deconvolution =

Stefano Mangini'?" @, Lorenzo Maccone'**@ and Chiara Macchiavello'*?

“Correspondence:
stefano.mangini0l@ Abstract
universitadipavia.it

'Dipartimento di Fisica, Universita di We present a noise deconvolution technique to remove a wide class of noises when

Pavia, Via Bassi 6, 1-27100, Pavia, Italy performing arbitrary measurements on qubit systems. In particular, we derive the
l';‘;’gge;'of‘eld‘ IPaV'al Via Bassi 6, inverse map of the most common single qubit noisy channels, and exploit it at the

- , Pavia, Ita . . . .

Foll it of outhor mformation is data processing step to obtain noise-free estimates of observables evaluated on a
available at the end of the article qubit system subject to known noise. We illustrate a self-consistency check to ensure

that the noise characterization is accurate providing simulation results for the
deconvolution of a generic Pauli channel, as well as experimental evidence of the
deconvolution of decoherence noise occurring on Rigetti quantum hardware.

1 Introduction

Quantum noise is currently the largest limiting factor in the adoption of quantum com-
putation and quantum technology. Their theoretical performances are in fact hindered
by the intrinsic fragility of quantum systems, and over the last years many proposal have
been put forward to mitigate, ideally correct, the effect of noise and recover reliable re-
sults. On the computing side, as fault-tolerant quantum computers remain out of reach at
the moment [1-4], various error mitigation techniques have been proposed to extend the
capabilities of current small scale noisy quantum devices [5-7]. These ranges from cor-
recting the readout noise via inversion of probability assignment matrix [8], extrapolating
the noise in the device to the zero error case [9-11], using a probabilistic sampling on spe-
cific circuits to approximate the noise free computation [9, 10, 12], to also using machine
learning approaches to learn how to recover ideal results [13].

While these methods are concerned with mitigating noise occurring in a computation,
here we instead focus on the more generic task of correcting the expectation value of
arbitrary observables evaluated on a system which is subject to a known noise happening
before the measurement stage. Such a scenario is relevant in quantum communication
and quantum tomography tasks [14].

Noise in quantum systems is described by means of quantum channels [15]

p— E(p) =Y AcpAj, (1)
k

where Ay are operators acting on the system named Kraus operators. While the effect of

unitary dynamics can be reversed using realizable operations, quantum channels cannot
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Figure 1 General scheme for the noise deconvolution process applied to a qubit. (a) Ideal estimation of an
observable O on a single qubit in state p. The operator M € {1, H,HS"}, with H and S being the Hadamard and
phase gate are used to select a measurement basis in {07, 0y, 0y} respectively, and thus reconstruct a generic
observable O, using Eq. (16). (b) Noise (indicated with a yellow box) happening before measurement leads to
noisy estimates of the expectation values. (c) Noise deconvolution approach: measurements of the
noise-inverted observables A/~'(0) on the noisy state leads to the mitigated ideal result (O). (d) The noise
deconvolution approach can be used to mitigate the effects of Ay only. However, the full noise (N and N7)
can be mitigated either if the unitary can be easily inverted as well, or if the noise processes commutes with
the interleaving unitary, as is the case for depolarizing noise

be undone, and one can only hope to find operations which only approximately invert
the noise process at hand. Examples of this approach leverages for example Petz recovery
maps [16—18], or unitaries which, on average, are able to best reverse the noise based on
given distance measures [19-21].

Here instead we show that noise can be eliminated by means of a deconvolution pro-
cess, provided that the noise map describing the process is known and invertible. In fact,
we drop the requirements of the inverse transformation being itself a quantum channel,
since the transformation is not applied to the quantum system itself, but to the outcome
statistics as a classical post-processing step. We derive the inversion maps of the most
common single-qubit noisy channels (both unital and non-unital), and show how to use
these to remove the effect of noise from the expectation values of general observables.
In Fig. 1 we schematically summarize the noise deconvolution idea. The mitigation is ef-
fectively obtained by multiplying the noisy estimates by a factor depending on the noise
{O) mitig ~ ¢{O)noisy» which comes at the cost of increasing the variance of the estimation, as
Var[{O) mitig] ~ c? Var[{O)noisy |, s0 one needs to gather more statistic to reach a target pre-
cision. A related post processing technique specialized for quantum many-body systems
and quantum field theory is put forward in ref. [22]. In addition, we provide both numer-
ical simulations of the noise deconvolution process, as well as evidence of deconvolution
of decoherence noise occurring on the superconducting quantum computer “Aspen-9”
provided by Rigetti, accessed using the Quantum Cloud Services (QCS) [23]. We show
how simple self-consistency checks can test whether the known noise map is accurate
and how a feedback scheme can be used to adjust the noise parameters. Our contributions
then include: (i) formalization and discussion of CPTP (namely, completely positive trace
preserving) noise deconvolution of expectation values through (mathematical) inversion
of the noise map; (if) explicit derivation of the inverse map of the most common single
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qubit noise channels; (iif) numerical and experimental application of the ideas introduced
before.

Before continuing, we briefly describe the relation of the proposed noise deconvolution
idea to probabilistic error mitigation (PEC) [10, 12], a quantum error mitigation technique
aimed at correcting noisy operations during a quantum computation. Given a character-
ization of the noise, PEC works by using the inverse noise map of the operations to build
an ensemble of suitably generated quantum circuits. These are sampled according to spe-
cific weights, and the results combined to build an approximation of the action of the
noise-free quantum circuit. In particular, the mitigation procedure is active, in the sense
that the experimenter need to generate new quantum circuits and run them against the
quantum device. On the contrary, we are instead concerned with the correction of ex-
pectation values evaluated on a noisy state, with no computation or dynamics involved.
In addition, within our framework, the mitigation is passive, in the sense that the mitiga-
tion happens classically as a post-processing step, and no action on the quantum system
is necessary. Appropriately limiting PEC to the specific case of measurement error mit-
igation, and realizing that sampling on quantum circuits is no longer a necessary step,
then one can recover the noise deconvolution procedure presented here, whose regime of
application is not restricted to quantum computation, but applies to a general quantum
mechanical measurement scenario. As such, some of the results presented here can be re-
covered also with the techniques proposed in [10, 12]. That said, the explicit calculations
presented here for the general noise maps we analyze have not been presented elsewhere
in full generality, e.g. see Table 1 below.

The paper is organized as follows. In Sect. 2 we recall some basic concepts about quan-
tum channels and the Pauli transfer matrix formalism, and the idea of noise deconvolution
in Sect. 3. In Sect. 4 we leverage the Pauli transfer matrix formalism to explicitly derive
the inverse map of the most common single qubit noise channels, and use inside the noise
deconvolution procedure to obtain noise-free estimates. In Table 1 we summarize all the
maps taken in consideration as well as their inverse. In Sect. 5 we show by means of sim-
ulations that the noise deconvolution process can be used to cancel out the effect of a
general Pauli channel, and also provide experimental evidence of the deconvolution of

decoherence noise as performed on a real quantum device by Rigetti.

2 Methods

In this section we introduce the notation and the theoretical tools used to derive the main
results of the work. We will denote with H the Hilbert space, and with £(7#) the space of
squared linear operators acting on . For those interested, a brief overview of quantum

channels and Kraus decomposition can be found in Appendix A.

2.1 Quantum channels

In general quantum channels cannot be physically inverted, as there is no quantum evo-
lution capable of reversing their actions. Formally stated, let £ be a CPTP map, it is not
possible to find another CPTP map D = £}, such that (D o £)(p) = p Yp. The only triv-
ial case when this is possible, is for maps having only a single Kraus operator, in which
case they reduce to standard unitary evolution £(p) = UpUT, with the inverse given by
D()=U'()U.
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The CPTP conditions impose hard constraints to the operatorial form that physically re-
alizable evolutions must match, namely the Kraus representation. However, the require-
ment for admitting a more general operator-sum representation are looser. In fact, any
Hermiticity preserving map, i.e. a map such that ®(p)" = ®(p) for p = p', admits an
operator-sum representation as [24, 25]

CD(,O) = Z)ukAkpAZ (2)
k

with A € {+1,-1}. Clearly if all the coefficients are Ax = 1 Vk, then the map & is also
completely positive, since it is in standard Kraus form (1). Moreover, another useful char-
acterization is given by

Corollary 1 (Corollary I1.2 of [25]) Let My be the space of complex N x N matrices.
Suppose ® : My — My is a completely positive map having the form

D(p) = Y BrAwpAL (3)
k

where {Ax}i is linearly independent in My, and By € RVk. Then By > 0 Vk.

Conversely, if a map has form (3) with linearly independent operators {A; }; but has some
of the coefficients f; < 0, then the map is not completely positive. This result is steadily
applied to maps acting on qubit systems where My = C**2. In fact, Pauli matrices oy, o
and o, together with the identity oy = 15, form a linearly independent set in the space of
2 x 2 complex matrices, and then any map of the form

E(p) = Pooopoq + P10x00, + B20,00y + B30, 00, (4)

having some negative coefficients is not a CP map, thus it is not a physically realizable
channel. In the following we will derive many inverse maps having this form, for which
this result holds. Of course, we already know that a quantum channel cannot be inverted
(apart from the trivial unitary case), so that if an inversion map is found, then it is certainly
not CP. Nonetheless, this result is still of interest because it gives a nice and clear condition
that can be used to quickly assess the nature of the maps under investigation. In addition,
as shown in ref. [26], if a CPTP map is invertible, then its inverse is Hermitian preserving

(HP), and so can be expressed in operator-form (2).

2.2 Qubit systems and Pauli transfer matrix formalism
We focus on quantum systems made of qubits, and briefly review some useful results on
qubit channels.

The identity and the Pauli matrices {1,0,,0,,0,} form a basis on £(H) = C**%, and so
any operator O € L(H) can be expressed in this basis as

3
0=Y o0; 0;=Tr[0;0] (5)
i=0

=ool+o0-0, (6)
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where we have introduced the vector of Pauli matrices o = (05, 0y,07), and the vector of
coefficients 0 = (01, 04,03) € C3. Similarly, density operators are expressed in this basis in
terms of their Bloch vector as p = (1 +r - 6)/2, with r = (ry, 1y, 7;) € R3, and |r| < 1, where
equality holds only for pure states p = [) (| [15].

Since any operator O is completely specified by its components in the Pauli basis, we
define its vector of coefficients as the column vector |O) := (09, 01,02,03)". We refer to
[27, 28] for a detailed discussion on the correspondence between operators and vectors.

In addition, every linear map ® : £(C?) — L(C?) can be represented in this basis as a
4 x 4 matrix I [25, 29-31], whose action is given by

®(0) — T|0) = [’;0 ’;} {ﬂ

_ |:J/000 +y -0} or (7)

oot + To
D(0) = (y00o +y - 0)1 + (0ot + T0) - 7,
where y and t are row and column vectors respectively, and 7T is a 3 x 3 matrix. The

matrix I" associated to the map @ is called Pauli Transfer Matrix (PTM), and its elements

are given by
1 .
Ty= 5 Tr[0i®(0))], ij€{0,1,2,3},00 = 1. (8)

If we restrict to trace-preserving maps, then y = 0 and y; = 1, so the I' matrix reduces
to the simpler form

1 0
F:|:t T] )

Furthermore, if the map is also unital (i.e. (1) = 1), then also t = 0. As an example, the
quantum bit-flip channel described by the map

Ni(p) = (1 =p)p + po,poy, (10)

has a corresponding PTM representation as

10 0 0
01 o 0

N, —T, = (11)
00 1-2 0
00 0 1-2

2.3 Quantum tomographic reconstruction

Quantum tomography [32—35] is a method to estimate the ensemble average of any ar-
bitrary operator by using measurement outcomes of a quorum of observables. The goal
of a tomographic reconstruction of an observable is to identify a set of observables {Q, },
called quorum [36], such that the mean value (O) = Tr[Op] of any observable O € L(H),



Mangini et al. EPJ Quantum Technology (2022) 9:29 Page 6 of 30

for all states p, can be reconstructed by using measurements outcomes of the quorum ob-
servables. A tomographic reconstruction formula for an operator O is obtained by using
a spectral decomposition of the identity in the operator Hilbert space [36—-39]

0= / d)Tr[C]0]C, (12)
A

where A is a parameter living in either a continuous or discrete manifold A, and operators
C;. depend on the quorum observables. The term E[O](Q;) := Tr[Ci 0]C,, is called quan-
tum estimator of the operator O, and given a quantum state p, the expectation value (O)

on such state amounts to

(0) = Tr[Op] = f drTe[OC] | Tr[C p] (13)
A

- [ avrfEiONQ) (14)

- [ arEi0NQ) 15)

For qubit systems, the most common choice (but non unique, e.g. [35]) for the quorum
are the Pauli matrices {Q;}, = {0x,0),0;}, and the tomographic reconstruction formula
results in the standard expansion in the Pauli basis, albeit with a slightly different notation

(see Appendix B for the explicit derivation):

0= Y S[EOI)
a=x,y,z

(16)

E[O](0y) = (BTr[ZOUa]Ua TrgO] ]l).

Note that the quantum tomographic reconstruction can be straightforwardly applied to
multipartite quantum systems by simply using as a quorum the tensor product of single-

system quorums [36].

3 Noise deconvolution
The tomographic reconstruction formula can be used whenever one has access to the
quantum state p and measurements of the quorum observables. In practical scenarios
however, estimations are performed in the presence of noise and one generally deals
with noisy quantum states p — 5 = N (p) which then leads to noisy estimates (O); =
Tr[ON (p)]. The idea of noise deconvolution is to correct the errors by considering a new
quorum of observables taking into account the noise, and then use a noise inverted quan-
tum estimator to recover the ideal estimates, namely the ones that we would obtain in the
absence of noise.

Suppose the noise map N acting on the quantum system can be formally inverted, that
is there exist a linear (not CP) map N ! such that (V! o A)(p) = p for all p. Then, we
say that the noise can be deconvoluted in the following sense: instead of measuring the

original observable O, we can evaluate the expectation value of the noise-inverted operator
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N ~1(0), thus obtaining as a result the desired noise-free ideal result (O}, that is
(N0)), = T[N OWN ()]
~ T ON (N ()] (17)
=Tr[Op] = (O),

where A/71(-) denotes the adjoint of the inverse map N ~!(-), and in the second line we
made explicit use of the definition of the adjoint map.

The conditions for deconvolving the effect of a noise channel N are [36, 37]:

« the inverted noise map exists, that is there is a A/~! such that (MW"t o A)(O) = O

YO € L(H).

« the quantum estimator E[0](Q,) is in the domain of N1,

+ the map N "HE[O](Q,)) is a function of Qj.

If these hold, then one can substitute the quantum estimator in Eq. (13), with the de-
convolved quantum estimator N “LE[0](Q,)), yielding

/A A T N (E[01(Q.) N (p)] (18)
- [ arTEIONQIN T (N ()]

- [ anrfEIONQ)
- Tr[0p] = (O).

This procedure yields the ideal expectation value of any observable O on the state p, even
if having access only to a noisy version of it and provided that the noise map is known (and
invertible). Note that this definition is similar to that recently reported in ref [6], regarding
invertible noise channels with non-CPTP inverse. Specializing it for qubits, using Eq. (18)
in (16), leads to (see Appendix C for further details)

(0) = %Tr[O] * % Y Til0o, )V (0w)) )

a=x,y,z

5

Similarly to standard tomographic reconstruction, noise deconvolution can be applied
also to multi qubits systems, in which case the mitigated tomographic estimates are ob-
tained considering the tensor product of the deconvolved quantum estimator of each sub-
system. Clearly, this holds only for single-qubit noisy channels acting independently on
each qubit. In addition, generally non-invertible maps could still be deconvoluted if one
restricts the attention only to a subset of states of interest upon which the given map is
invertible [40, 41].

As shown later, the correction of the expectation value of a Pauli matrix is obtained by
multiplying the noisy estimate—the one the experimenter has access to—by a constant
depending on the noise, i.e. {04)mitig = ¢{0u)noisy- This clearly increases the variance of
the estimation, since Var[(oy )mitg] = ¢* Var[(oy )noisy] ~ ¢*/M, where M is the number of
measurements performed on the system, and thus the experimenter need to increase the
outcome statistics proportionally to ¢? to reach a desired target precision.
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We now proceed discussing how the deconvolution behaves in the presence of multiple
noise channels. Consider two noise processes N and V] separated by a unitary gate (-) =
U - U, as shown in Fig. 1(d). The action of the circuit is

(N1 oU o No)(p) = Ny (UNo(p)U)
= Mi(pu)

with gy = UNy(p)UT. Using (18), it is possible to deconvolve the outermost noise N with
Tr[ N7 (O)NM (Bu)], (20)

but not N, since the unitary U is in the way. Actually, one could decide to deconvolve the
unitary as well, using the trivial inverse U !(-) = I,IlT - Uy, and thus making it possible to
deconvolve also the first noise channel N, as

Te[ N7 ((UNGHOUT )N (5u)]
= e[ (UNG (O U UNy(p)U)]
= Te[ N5 (0)No ()]
=Tr[Op].
However, this procedure cannot be employed to invert the noise that happens before a
generic unitary U, since it essentially offloads the computation from the quantum com-
puter to the classical one, by simulating the inverse evolution of the quantum system.

A more interesting case is obtained when the error map happens to commute with all
the remaining operation in the computation, as is the case for the depolarizing noise, de-

scribed by the map
pl
Ndep(p) = ) +(1-p)p, (21)

for which it is easy to see that (Naep 0 U)(p) = (U 0 Naep)(p) YU(-) = U - U". Suppose one
is performing a quantum computation given by a sequence of operations U;, each one
followed by depolarizing noise

d
p= (1‘[ N, oui) (o) (22)

i=1

d d

- (1‘[ Niep o ]‘[u,) (po) (23)
i=1 i=1

- Nis(ou), (24)

with Cf‘e’; =[N éi)p the composition of all the depolarizing channels, and p; = [[U:(po)
the state obtained by the ideal noise-free computation. Most importantly, one can check
that the composition of multiple depolarizing channels is still a depolarizing channel with

probability parameter 1 — pyor = [ [(1 — p;), where p; is the probability associated with each



Mangini et al. EPJ Quantum Technology (2022) 9:29 Page 9 of 30

depolarizing noise. In such case it is possible to deconvolve all noise at once, using the de-
convolution formula for the depolarizing noise with the total noise parameter pi (see
Eq. (39)). Similarly, this also holds for computations involving multi qubits subject to
global depolarizing errors. The authors in ref. [42] leverage this property to perform a
simple yet effective error mitigation technique for quantum computers, based on the as-
sumption that noise in quantum circuits is well described by global depolarizing error
channels. While exact depolarizing errors (either local or global) are hardly found in real-
istic quantum circuits where errors are both due to coherent (i.e. unitary) and incoherent
noise (i.e. interaction), Pauli twirling and randomized compiling techniques [43—46] can
be used to approximately tailor noise to stochastic Pauli channels, preferably depolarizing

noise, and then use the procedure above to mitigate it [47].

4 Inversion of common noise maps

We now proceed by explicitly evaluating the inverse maps of some of the most common
noisy channels, leveraging the Pauli Transfer Matrix formalism introduced in Sect. 2. The
general method for finding the inverse map goes as follows: we first evaluate the matrix
representation (7) of the channel, we then invert this matrix, and from this recover the
operator sum representation of the inverse channel whenever this exists. We start from
simpler cases to build some intuition on the construction of the inverse maps, and then
proceed towards more complicated cases. In Table 1 we summarize the results obtained in
this section, comprising all noise channels considered in this analysis together with their

inverse maps.

4.1 Bit-flip, phase-flip and bit-phase-flip
The bit-flip, phase-flip and bit-phase-flip channels are described by the Kraus operators,
Ag = /pl and Ay, = /1 - po,, with o, € {0,,0;,0,} respectively. For simplicity, in the

Table 1 Table summarizing the results of the present analysis, consisting of some of the most
common single-qubit noisy channels AV, along with their inverse noise maps N, defined as the
map such that (N~ o N)(p) = p Vp.Clearly, all noise channels are CPTP maps, while the inverse
channels are not, yet they admit an operator-sum representation. All the noise maps except for
amplitude damping and 2-Kraus channel have trivial adjoint channels, so one must pay attention in
using the adjoint channel inside the deconvolution formula (19)

Noise channel N(p) Inverse map N~ (O)
Bit-Flip (1-p)p + poypoy %O— %O’XOO'X
Phase-Flip (or dephasing) (1 -p)p + po,po; %O - %O’ZOO‘Z
Bit-Phase-Flip (1-p)p +poypoy, %O— %@an
Depolarizing (1-p)p +p% #(O— 5 TrON)
General Pauli Channel Pop + PxOx POx + py0y 0y +p,0,00;  BoO+ B10,00y + B,0,00, + 30,00,
(see Eq. (41) for the coefficients)
Amplitude Damping VopVo + Vi pVi KoOKg — Ky OK]
_ — — 1
Vo = 1001+ /1=y 1)(1] Kof|0)<0\+,/],y|1)(1|
Vi=vI10)(1] K1:,/%|0)(1|
2-Kraus Channel AopAg + A pAT B; OBT - BQOB;-
Ao = cosa|0)(0] + cos B[1)(1] B = ——Y20sB 0)(0] + ——Y2cose__ 1y (q
0 0 oS 200+c0s 23 /cos2a+cos 28
e ) _ V2sinB V2sina
Ay =sin ﬂ|0><1 | +sina[1)(0] B = cos2a+cos2f 10} 11+ cos 2a+cos2f ol
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following we focus only on the bit-flip channel (generated by o,), but the results hold
equivalently also for the other two channels. The bit-flip channel acts as:

Ni(p) = (1 = p)p + poxpoy (25)
and its PTM is given by
1 0 0 0
01 0 0
[y = (26)
00 1-2p 0
00 0 1-2p

In order to find an operator sum expression for the inverse map N, we consider the

inverse matrix F;l

1 0 0 0
P |01 0 0 @)
x = 1
0 0 =) 0
0 0 0 =)

It’s clear that I, can be inverted provided that p # 1/2, since in that case detT", = 0. This
is not a problem for realistic case scenarios, where the probability of errors are small, so
that one can safely assume 0 < p < 1/2. We now proceed using a similar procedure found
in [25].

Note that I';! is diagonal in the Pauli basis, thus has eigenvectors {|1), lox) loyhloz))
with eigenvalues A = {1,1, (1 - 2p)~%, (1 — 2p)~!} respectively. Now, consider the generic
map

3
£(0)=)_ Bj0;00;. (28)
j=0

Also this map has eigenvectors {1,a}, but with eigenvalues 8 = {0, B1, B2, B3}. Since two
maps are equal if they have the same action on a basis, if we can find a way to match the
two sets of eigenvalues A and B, we would then recover the operator-sum representation
for T';1.

By evaluating the PTM I'¢ of £, we can relate the coefficients in the operator-sum rep-
resentation (28), with those appearing in the expression for I';! (see Appendix D for a
derivation). In particular, we want these to hold:

(T:Y),, =Bo+ L= Ba— B3, (29)
(T;1),, =Bo—B1+ B — B3, (30)
(s =Bo—Br— B+ PBs (31)

plus the trace-preserving condition 1 = 8y + 81 + B2 + B3, that the inverse map must satisfy
because the direct map is trace-preserving. This condition is inherently satisfied by I';1,
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since its first row has the form (1,0,0,0). This system has solutions Sy = (1 — p)/(1 — 2p),
B1=-p/(1 -2p), and B, = B3 = 0, and substituting them back into Eq. (28), we obtain the
operator-sum representation of the inverse bit-flip map

N-10) = ll_;;;o -3 £ 3,007 (32)
By virtue of Corollary II, and noticing that the coefficients appearing in the expression
above have always opposite signs, we are sure that this map is not CP, as expected, yet it
possesses an operator sum representation. Note how similar the direct and inverse map
are, a feature which we will encounter in all the cases discussed here.
The same procedure can be applied to phase-flip (or dephasing, generated by o), and
bit-phase-flip (generated by o,) channels, yielding inverse maps

_ 1-p p
loy=—=—0- Oo, 33
-/V;; (@] 1-2p 1—2[902 (o3 (33)
_ 1-p p
'A/:V l(o) = mo — 1- ZpUyOUy. (34‘)

We can plug these inversion maps in the deconvolution formula (19) to obtain noise-
free expectation values. In particular, assume we are measuring a Pauli matrix O = 0, and
that the system is subject to one of the noise processes p — pg = N3(p) with B = {x,7,2}.
Then the ideal expectation values (o), = Tr[o, o] can be expressed in compact form as

(see Appendix D for the explicit derivation)
1
(0a) :801[3(0'01)/7;; + (I_Saﬂ)E«ja)pﬁ‘ (35)

It is then clear that if the noise happens along the measurement direction (« = ), then
the noise does not affect the measurement statistics, as the ideal and noisy value coincide.
While for orthogonal directions (« # ), these are equally contracted by a factor 1 — 2p,
thus recovering the usual pictorial representation of the contracting Bloch sphere on the
plane orthogonal to the noise [15].

4.2 Depolarizing noise

The depolarizing noise, introduced above,

Naolo) =1 =plp+ 22, (36)

leaves the state untouched with probability 1 - p, and sends it to the completely mixed state
1/2 with probability p. The channel can be expressed in Kraus form in multiple ways, one
of them being [15]

3
Mepol(ﬂ) = <1 - Zp> + Z(pro'x +0y00y + 0.007), (37)

with Kraus operators {Ag = /1 - 3p/41,A; = \/po./2,As = \/po,/2,A3 = /po,/2}. Follow-
ing the same procedure used for the bit-flip channel, one obtains the inverse linear map
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(see Appendix D)

Niepol(0) = ! — (o - =Tr[O]1 ) (38)

While this is already a known result in the literature [10, 36, 39, 48, 49], it is presented
without an explicit constructive derivation, as given here.

Using this formula in the deconvolution tomographic reconstruction (19), we find

Tr[Ooy]
1—

1
(0)= S Tr{O]+ 3 () Nyep 0 (39)

where it is clear that to counterbalance the effect of the depolarizing channel, whose effect
on the Bloch sphere is to contract it uniformly, one needs perform an expansion of the
same amount, obtained dividing by 1 — p.

While our analysis is focused only on single qubit systems, it is worth noticing that a
similar approach can be used to correct correlated and asymmetric depolarizing channels

acting on multi-qubits systems [50], as recently shown in [27].

4.3 General Pauli channel
A more general and interesting case is the general Pauli channel, where noise intensities

are different along the three Pauli axes
Np(p) = poO + px0:p0x + py0y 00y + 20200 (40)

The channel is parametrized by the probabilities p = (po,ps,py,pz), with the trace-
preserving condition implying po = 1 — p, — p, — p.. Upon choosing appropriate values
for p, this channel reduces to all noise maps treated before. Though of considerable more
general structure, the inverse map of this channel is derived using the same machinery

developed above, and eventually one obtains

N1 (0) = BoO + 16,00, + 20,00y + B30.00,  with

1 1 1
Bo = —(1+ +
4 1-2(psx +py) 1-2(ps +pz) 1- 2(1731 +Pz)

1 1 1
ﬂl:i(l_l—z(px+py)_1—2(px+pz) 1- 2(m+pz)) (41)

1 1 1
/32= —(1— +
4 1-2(py +py) 1-2(px + p2) C1- 2(py+pz

1 1 1
ﬂg:ZL(lJr 1+2@x+p) 1-20p.+p,) 1—2(Py+19z))

One can check that varying p it is possible to recover the inverse maps of all the cases
treated before. For example, for p = (1 — p,p,0,0) corresponding to the bit-flip channel,
one gets o = (1 — p)/(1 —2p) and B; = —p/(1 - 2p), as in Eq. (32).
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The noise deconvolution applied to measurements of Pauli matrices O € {oy,0),0;},

leads to the following relations

1

(ox) = m(%)]\fp(p),
1

(oy) = m(%)/\/p(p), (42)
1

(0z) = m(o—fé}/\[p(ﬂ)’

which can be used together with (19) to reconstruct the expectation value of a general
observable O. Again, we see that the noise disturbs the estimation along orthogonal direc-
tions, as in all previous cases. Note that the explicit inversion of the general Pauli channel

was also recently reported in ref. [5].

4.4 Amplitude damping
The amplitude damping (AD) channel describes the energy loss of a quantum system,
for example obtained through relaxation from the excited to the ground state. Its Kraus

representation is

Nan(p) = Vop Vg + VipVy,

(43)
|1 o o ¥
= R Y

where y € [0,1] is a parameter that encodes the strength of the energy loss process, which
for real systems is often expressed in terms of characteristic decay times, as discussed in
Sect. 5.

While still being trace preserving (TP), amplitude damping channel is not unital, since
Nap(1) = 1 + yZ. This in turn implies that the Pauli Transfer Matrix I"sp is not diagonal,
but has an addition nonzero element in the last row of first column. This changes the
derivation of the inverse map with respect to the previous cases, but it can still be carried
out without major changes (see Appendix E). The inverse linear map in operator sum

representation is then found to be

L(0) = KGOK] — K, OK],

i (44)
o 2 =)

- 0 o0

1-y

Up until now, all noisy channels (and their inverse maps) had trivial adjoint map, since
all Kraus operators were Hermitian. However this is not the case for amplitude damping,
since both V; # VIT and K7 #K 1‘ Thus, one must be careful in applying the adjoint inverse
N-1in Eq. (19), and not just N! of (44) (see Appendix E for an extended discussion).

Page 13 of 30
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Deconvolution of amplitude damping for measurements of the Pauli matrices leads to

(0 = <= ot
1
(o) = ﬁ(0y>NAD(P)’ (45)
1
(0z) = E((@)NAD(M -y).

Similarly, one can also obtain the inverse map of the generalized amplitude damping
(GAD) channel, used to model the interaction of a qubit with an environment at a finite

temperature [15, 51]. Such channel is parametrised by two parameters y and p, and it is
defined as

Naan(p) = AopAj + A1pA] + AypA] + AspAl,

1o ~ Jo
A"_ﬁ[o m} Al_ﬁ[o 0]’ (46)

JI=7 0 0
A2=\/1—p|: 0 1:|, A:J,Z,/l—]9|:\/7 O:|

One can check that the following map is the inverse of the GAD channel

GAp(P) = BopBY - B1pB] + BopBj - B3pBY,

wafy 5} ol )

o /i 0 (47)
/Lo 0
By=y1-p|V 1 . Bs={1-p| /> ,
0 1 i, 0
with corresponding noise deconolved Pauli expectation values given by
1
(ox) = ﬁ(ax>NGAD(p)1
1
(o) = = (O Nawlo) (48)
1
(07) = E ((oZ)NGAD(p) -y(2p- 1))

4.5 Two-Kraus channels
We now move our attention to the set of channels generated by two parametrized Kraus
operators

Mwo(p) = ZAHOAj’ (49)

i=1,2

with A; = cos«|0)(0] + cos B|1)(1], and A, = sin 8|0) (1| + sin«|1)(0]. This channel reduces
to bit-flip for o = 8, and to amplitude damping for « = 0.
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Following a procedure similar to the amplitude damping case, the inverse map of the
two-Kraus channels is found to be

Nawo(O)™! = BOB! - B,OB]  with

\/icosﬂ 0
B, = J/cos2a+cos2p
1= 0 V2cosa 50
J/cos2a+cos2p ( )
0 /2sin B
B _ J/cos2a+cos2p
2= V2sina 0
J/cos2a+cos2f

Similarly to amplitude damping, one of the generators (B;) is not Hermitian, thus we
must employ the adjoint inverse map when evaluating the deconvolved expectation values.
By straightforward calculations the following holds:

B 1
" cos(a — B)

1
1 (51)
{oy) = cos@ + B) (0) Niwo ()

<Gx> <Gx>Mwo(ﬂ)’

(02) = Mg (0052 B+sina—1+ (02) Mo ()5

with f1,p = 2/(cos(2a) + cos(28)).

Note that upon varying the parameters « and B, the formulas above correctly reduce
to the other limiting channels. For example, setting @ = 0 leads to amplitude damping
channel (45), with cos(B) := /1 - y.

5 Experimental deconvolution

In this section we provide some concrete applications of the noise deconvolution proce-
dures for qubit tomography outlined above. In particular, we show both numerically and
by experimentation on quantum hardware by Rigetti how to address a dechoerence noise
model, and we also provide numerical evidence for the deconvolution of the general Pauli
channel (40). All simulations are performed using PyQuil and the real quantum device
usded is “Aspen-9”, accessed via Rigetti’'s Quantum Cloud Services (QCS) [23, 52].

5.1 Decoherence noise model
The concurrent action of a dephasing channel followed by amplitude damping is referred
to as decoherence noise, which is an effective way to describe the noisy evolution a qubit
undergoes due to uncontrolled interaction with its external environment. Using the defi-
nitions (25) and (43), one obtains

—a

b
Naee(p) = (Nap(y) o Nz(p)) <|:Z ) :|)

(52)

1-1-a)1-y) (Q-2p)/1-yb
1-2p)J/1-yc (A-y)1-a)

|:1 _ (1 _ a)e"t/Tl e—t/sz :|

e—t/Tzc e—t/Tl (1 _ a)

Page 15 of 30
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where we have introduced the relaxation times T; and T5 characterizing the “quality” of
the physical qubits. These are related to the noise parameters y and p through the follow-
ing relations

y = 1 —e_[/Tl,

X (53)
p i (1 _ e*(t/Tzft/ZTl)),
2

where ¢ is a time parameter indicating the duration of the noise process.
Since the correction terms in the deconvolution formulas for dephasing (45) and ampli-
tude damping (35) are multiplicative, for a decoherence channel these combine as

1
/ Nec 4
(1 2p) dec(P)
1
Nec
1 2p) \/— dec(P)?

B 1
<GZ> = E (<GZ)Ndec(ﬂ) - y)

(ox) =

(Uy) (54)

Additionally, if the quantum system under investigation is subject to repeated applica-
(o) = NU )dec © Nd é:qc)(/)), then the
ideal expectation values are obtained through the following equations

tions of a decoherence noise channel, i.e. N'° o

1
<Ox) = 1 2p J—)m Ndec (p)
1
<Uy> (1 2p \/—)m Ndec p) (55)
1
(0y) = m(( 2 Naeelo) = 1+ (1 =)").

In Fig. 2 we show the application of these formulas to deconvolve the decoherence noise
occurring on a qubit. The specific quantum circuit used for the experiments is showed in
Fig. 2(a): first the system is prepared in the superposition state |+) = H|0) = (|0) + [1))/+/2,
then we let qubit decohere for a certain amount of time dictated by the number m of
(noisy) identities each of which takes a time ¢, and at last we measure the expectation value
of the operator o,. Clearly, in a noise-free scenario, the result would always be (o) = 1, in-
dependent of the depth m. Figure 2(c) shows a simulation of these circuits with stochastic
measurement outcomes for different values of m, and for a given choice of noise parame-
ters p and y. For comparison, the individual effect of dephasing and amplitude damping
channels alone are also showed. Thanks to Eq. (55) we can invert the effect of the deco-
herence noise, and so retrieve the ideal noise-free results.

We also tested this procedure on quantum hardware provided by Rigetti, in particular
on the device “Aspen-9”, whose topology is reported in Fig. 2(b). The device comes with the
calibration data reporting the 77 and T, parameters for any qubit, as well as the time du-
ration of a single gate. Identities in the circuits are used to introduce time delays, and thus
let the qubit decohere for longer intervals of time, depending on the depth m. Differently
from the previous simulations where only the identities are supposed to introduce (de-
coherence) noise, in the real case scenario noise happens along the whole computation,
including state preparation, application of all gates in the circuit (both Hadamards and
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Figure 2 Deconvolution of decoherence noise both on a simulator and the real quantum device Aspen-9 by
Rigetti. (@) Scheme of the quantum circuit used in the simulations and runs on the actual quantum device.

A qubit is prepared in the superposition state and then it is left to decohere for a certain amount of time,
dependent on the number m of identities in the circuit. Eventually the qubit is measured in the x basis to
estimate the expectation value oy. (b) Scheme of Aspen-9, the real quantum device by Rigetti used to run the
quantum circuit. (c) Simulation of the decoherence noise for dephasing (p) and damping (y) intensities equal
to those characterizing qubit 25 of Aspen-9, with gate duration of 40 ns. For comparison, the effect of the
action of these channels alone is also showed. Using the deconvolution formulas for decoherence noise (55),
it is possible to mitigate the decay caused by the noise, and recover the ideal result. Each expectation value is
estimated evaluating the mean over ngors = 2048 measurement outcomes, and the error bars showed are
the statistical error of the mean. (d) Results obtained from running the circuit on qubit 4 of Aspen-9,
characterized by relaxation times T; = 17.43- 107% sand T, = 1067 - 107 s, with ngpors = 2048, and the error
bars are twice the error of the mean. See main text for comments on the results. (e) Results obtained from
running the circuit on qubit 25 of Aspen-9, characterized by relaxation times 77 = 35.91 - 10 s and

T, =25.11-107s, with ngnors = 1024. Also in this case the error bars are equals to twice the error of the mean.
See main text for comments on the results

Identities), and finally measurement errors. Of these, the most detrimental are undoubt-
edly readout errors, and we addressed them by using the standard mitigation technique of
calibrating the device and inverting the assignment probability matrix to recover readout
mitigated results. Calibration data reports that the time it takes to execute a single qubit
identity gate is ¢ = 40 ns, and together with 77 and T5, these are used to calculate the pa-
rameters p and y of the decoherence noise, using relations (53). These are in turn used
inside the deconvolution formulas to recover the noise-free results. Figures 2(d) and 2(e)
show the results of the execution of circuit Fig. 2(a) on qubits 4 and 25, respectively.

The noise mitigation procedure on qubit 4 shown in panel 2(d), yields slightly unphysical
results, in the sense that the mitigated value exceeds one, which is of course not possible.
A naive solution to this problem could be to impose that the mitigation results are in
the physical range [-1, +1], so that if the result exceed the limits, it should be substituted
with the appropriate physical bound. Though, assuming a gate time duration of ¢ = 35 ns
instead of standard 40 ns, yields results which are more in agreement with the expected
theoretical behaviour for decoherence noise, as the deconvoluted results are compatible
with one, as expected. This hints that either the quality of the qubit is better then reported
in the available calibration data (either due to shorter gate times ¢, or larger T; and T5),
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or that the decoherence model alone poorly describes the noise happening on idle qubit
4 left interacting with the external environment. However, the good accordance between
the deconvoluted results with ¢ = 35 ns and the experiments suggests the first hypothesis
to hold.

Such conclusion is also corroborated by the experimental results obtained with qubit
25. In fact, using the deconvolution formulas with reported 73, T> and standard gate time
(¢ = 40 ns), we are able to mitigate the effect of noise with good accuracy, as showed in
Fig. 2(e), hinting that indeed the decay law of the qubit is well described through a de-
coherence noise model. Also, note that the simulation in Fig. 2(c) is tuned with the same
noise parameters p and y characterizing qubit 25. Apart from fluctuations due to, e.g im-
perfect readout, stochastic measurement outcomes, and noisy Hadamards, there is good
agreement between the simulated (red curve in panel (c)) and experimental result (red
curve in panel (e)). We do not report analogues experiments using other qubits in the
device that produced obviously biased data.

5.2 Arbitrary Pauli channel
We implemented a simulation of the noise deconvolution of the general Pauli channel (40),
using the quantum virtual machine (QVM) simulator provided with PyQuil [52]. The sim-

|0) —(Ry(e)HN(pgmpyvpz) (75)

Arbitrary Pauli noise with p, = 0.1, p, = 0.05, p. = 0.2

1.04 /.,A!“"*~A\
N < .
0.5 ot o “'*-—o\_;\\
“5 ./-'"/ ~%
< 0.01 e 8 A
~ o\~ P
~0.51 B e S
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~1.0 . i
1.0
0.51
E\. 001 G o= Q:B -8 p-g o= =g=—g=—=0—0—0¢
—0.51
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\'\.\;\ r
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Figure 3 Simulation of the deconvolution process for the general Pauli channel A, (40). The noise
parameters along the three Pauli axes are set to p, = 0.1, p, = 0.05, p, = 0.2. The results are obtained
simulating the circuit portrayed on top of the image for nshots = 1024 shots and for multiple values of the
angle 0. Then, the deconvolution formulas (42) are used to retrieve the ideal noise-free result. It is clear that
the deconvolution effectively mitigates the Pauli noise yielding a final result which is much closer to the ideal
noise-free one, up to differences due to stochastic measurement outcomes. In particular, the estimation of o,

is dominated by the statistical error, which is amplified by the correction factor 1/(1 - 2(px + p,)) = 2.5
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ulated circuit is showed on top of Fig. 3. A qubit starting in the ground state is rotated in

the Bloch sphere around the y axis via Ry(0) = e/

, and then it is subject to the general
Pauli noise (yellow box), simulated applying a Pauli transformation chosen randomly with
probabilities p,, p, and p,. At last, we estimate the expectation value of the three Pauli ma-
trices by appending the appropriate change of basis gate, i.e M; € {1, H, HST} for {0, 0y, oy}
respectively. The noise parameters (p,, py,p.) are used within the deconvolution formu-
las (42) to recover the mitigated results (green curve), which are, as expected, in perfect
agreement with the ideal noise-free ones, obtained from executing the quantum circuit

without the noisy channel (red curve).

6 Conclusions

In conclusion we have shown how mathematically invertible noise maps can always be
removed from the final measurement stage, so that one can obtain unbiased expectation
values of general observables provided that the noise process in known. We illustrated the
method on most known qubit noise maps, and systematically derived their inverse maps
(see Table 1). We simulated the noise deconvolution procedure for the case of a general
Pauli channel (Fig. 3) and illustrated our method on noise on actual quantum hardware
(Fig. 2).

Appendix A: Kraus decomposition

A quantum physical evolution is represented by (i) linear, (ii) completely-positive and
(iii) trace-preserving (CPTP) maps taking quantum density operators to quantum den-
sity operators. A map satisfying these three properties is called a quantum channel, and
can be interpreted as a quantum evolution obtained through the interaction of the system
with an external environment. A map is a quantum channel if and only if it admits a Kraus
(or operator-sum) representation as

p— E(p) =) _AwpA, (A1)
k

with the trace preserving condition requiring

TrE(p)=Trp = ZA,*(Ak =1. (A.2)
k

The operators {A}x are called the Kraus operators of the channel, which are however
non-unique [15]. Such channels are often referred to as stochastic channels [29, 30], and if
they also preserve the identity (£(1) = 1), they are called unital (or bistochastic). Unitality
corresponds to the requirement that also ), AkA,i =1, from which it is clear that a suf-
ficient condition for a CPTP map to be unital is for its Kraus operators to be self-adjoint
Ap = AL Vk.

Appendix B: Tomographic reconstruction formula for qubits

In this appendix we show how the tomographic reconstruction formula for systems made
of qubits # = C? can be recovered starting from the standard basis expansion in terms
of the Pauli matrices [35]. The set of matrices {1, 0y, 0y, 0.} form an orthonormal set, and
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constitutes a basis for the space of 2 x 2 complex matrices £(H) = C2*2. So, given an
operator O € L(H), the following holds:

0= 1Tr[O] + o, Tr[Ooy] + 0, Tr[O0,] + o, Tr[Oo,]

_ TrgO] 14 a;ﬂ Tr[gaj] o
_ Z %(BTr[ZOUa]% . Tr;O] 1)
a=xy.2
D IECICH) (B.1)
a=xy2
where
O e ) (62)

is the desired quantum estimator, with {0, o), 0} constituting the quorum of observables
of the tomographic reconstruction. Equation (B.1) has the same form of the tomographic
reconstruction formula in Eq. (12), with substitutions

H ,
=%
dr — 1/3,
A—> {x;)’;Z},

{Qk} — {Gx, Oy, az}’

which account for the fact that we are dealing with a discrete, and not continuous, basis
expansion.

Also, note that (B.1) is not the unique choice for the tomographic formula. In fact, one
could use a continuous parametrization of the group SU(2) given by operator R (1, ) =
€57 where § is the spin of the particle (5 = 5/2 for qubits), 7 = (cos ¢ sin6,sin¢ sin6,
cos¢), 0 €[0,7] and ¢,y € [0,27] [35].

Appendix C: Noise deconvolution for qubits

In this appendix we derive the noise deconvolution formula for qubits. Let p be a quantum
state, and A" a noise channel admitting an inverse map A/}, and N/~! its adjoint map.
Then, using Eq. (18) in (16), yields

(0= Y S T (EO) o)A )]

o

= Z % Tr[(; Tr[O0o ] N (o)

o

+ % Tr[ow-l(ﬂ))/v(p)] (C.1)
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-y % (; Tr[00, (N~ (00)) 1

+ % Te[O] Te[ N ()N (p)]>

=Tr[1p]=1

1 1 Y
=50} +5 3 THOoN 0y,

a=x,y,z

Equation (C.1) lets us deconvolve the effect of noise by evaluating the expectation value
of the noise-inverted Pauli matrices o, on the noisy state A'(p). In particular, note that the
formula remains valid whether the noise is unital—that is, N'(1) = N~1(1) = 1—or not. In
fact, in the second line we can always move the adjoint inverse noise N1 from the identity
to the noisy state (o), thus obtaining Tr[N 2 (L)N (p)] = Tr[IN (N (p))] = Tr[p] = 1.

Appendix D: Inverse maps of noise channels
In this appendix we explicitly calculate the inverse map of the noise channels discussed in

the main text.

D.1 Bit-flip, phase-flip, and bit-phase-flip channels

In the following we focus on the bit-flip channel, but the calculations are identical for the
phase-flip and bit-phase-flip channels. The bit-flip channel is described by Kraus opera-
tors Ag = /1 - pl and A; = ./po, so that its action is given by

Ni(p) = (1 = p)p + po,poy. (D.1)

The Pauli Transfer Matrix I, is defined as

(T = %Tf[ai./\/;c(aj)]. (D.2)

By straightforward calculation one obtains

Tlu=0-p+p=1,
(Tx)=0-p)-p=1-2p,
(TCy)z=(1-p)—p=1-2p,

(T)y=0, fori

thus yielding
10 0 0
0 1 0 0
Iy = , (D.3)
0 0 (1-2p) 0
0 0 0 (1-2p)
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whose inverse is trivially

1 0 0 0
o 01 0 0 D4
x = 1 .
00 g O
00 0 =

(2p-1)

The eigenvectors of such Pauli Transfer Matrix are clearly the Pauli matrices {|1)), |ox),
loy ), lo )} with eigenvalues A = (1,1,1/(1 - 2p),1/(1 — 2p)).

The operator sum representation of NV;! can be reconstructed by noticing that the map

3
£(0)=>_ Bj0;00;, (D.5)

j=0

has also the Pauli matrices as eigenvectors, but with eigenvalues 8 = (8, 81, B2, B3). Since

two maps are equals if they have the same action on a basis, then we can find the operator-

sum representation of /! by finding those g; such that A = B. If we can find such map-

ping, then plugging those value in (D.5), we recover the operator sum of the inverse map.
The PTM matrix I'¢ of £ amounts to

[ = diag(Bo + B + B2 + B3,
Bo+ B1— B2 — B,
Bo— B+ P2 — B3,
Bo— Br— B2 + B3).

The equality I';! = I'¢ correspond to the system of equations

1=PBo+pB1+pB2+Bs
1=Bo+B1— P2~ B3
o = Bo— B+ B2~ Bs,
i35 =Po—Pi—= B2+ B3,

where the first equation is the trace-preserving condition, dictated by the fact that the
direct map is TP, and so the inverse map has to be. This condition is also evident from
the expression of I';! and I, since the first row is of the form (1,0,0,0). The system of

equations (D.6) has solutions

1-p
Bo= -2’
N
B1 -2’
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and substituting these values in Eq. (D.5) leads to the desired operator-sum representation

1-
N0 = —Lo- L 5,00, (D.7)
1-2p 1-2p

Similarly, the same procedure can be carried out for the dephasing (generated by o) and
bit-phase-flip channel (generated by o), leading to

_ I-p p
loy=—=—0- Oay,, D.8
-/V;; (0) 1-2p 1—2[902 (oF3 ( )
_ L-p p
'A/:V l(o) = EO— 1- ZpGyOUy. (D9)

Note that for all these three cases the adjoint channels are equal to the direct ones, i.e.
N1 = N1, since the generating operators are all Hermitian (see Appendix E for a case
where this is not true).

We now proceed evaluating the explicit form of the deconvolution formula. Let 8 €
{x,7,2} index one of the noise channels N € {N, N, N}, the action of the inverse map

on a Pauli matrix o, amounts to

J\fﬁ_l(oa) = ﬁ((l — )0 —PUﬁUaUﬁ)
1-248
el
1-2p

where in the second line we made use of the fact that ogo,0p = (284 — 1)o,. Substituting
this in Eq. (C.1), one obtains

1
(O)g = 3 Tr[O] + 5

1
(1 - 2p) Z Tr[ooa](l - 26aﬂp)(0¢x>N5(p);

a=xy,z

where the subscript 8 in (O) is just used to denote that we are deconvolving with respect
to noise N3, but remember that it correspond to the mitigated noise-free result.
Clearly, when the observable to be measured is itself a Pauli matrix O = o, this further

simplifies to

1

(6y>ﬂ = m Z Tr[ayaal(l - 25a,310) (Ua>Nﬁ(p)

=X,Y,Z
TEE L 28

1-28,pp
=12 (0 ) N30

D.2 Depolarizing channel

The Depolarizing channel is represented by the map

3p P
Ndep(p) = <1 - Z)p + Z(leoo'x +0y00y + 02002),

having Kraus operators {Ao = /1 - 3p/41, A} = \/pox/2,A; = \/po,/2,A3 = /po./2}.
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By straightforward calculation, the Pauli Transfer Matrix amounts to

1 0 0 0
0 1-p 0 0
1—‘dep = ’ (DlO)
0 0 1-p 0
0 0 0 1-p
with inverse
1 0 0 0
L |0 & 0 o0
Fdep = 0 0 % 0 ’ (Dll)
-
o 0 o0 &
P

Following the same procedure used for the bit-flip channel, one arrives at the system of
equations

1=Bo+p1+ P+ Ps,

ﬁ=,30+f31—/32—/33,
L =Bo-Bi+B-Bs
= =Bo-Bi-B+hs

(D.12)

N

S

which has solutions By = (4 — p)/4(1 — p) and B; = B2 = B3 = —p/4(1 — p). Substituting these
values in (D.5), and using the relation 2 Tr[O]1 = O + 0,.O0; + 0,00, + 0,00, one obtains

_ 1 p
Niepol(0) = i-p (O -3 Tr[O]]l). (D.13)

Plugging this in the tomographic deconvolution formula (C.1), leads to:

Tr[Oaoy]
1

1 1
(0)= S Tr{O]+ 5 () Nyep (0> (D.14)

from which it is clear that whenever a Pauli matrix is to be measured, O = oy, then the
expectation values are contracted by a factor 1 - p, i.e. (o%) = (0k)dep/(1 — p).

D.3 General Pauli channel
The most general channel involving only Pauli operators is the arbitrary Pauli channel,
given by

-/V;J(p) = poO + px0xpOx + PyOy POy + P00, (D.15)

characterized by probabilities p = (po, px, py, p-), with the trace-preserving condition im-
plying po = 1 — px — py — p,. The PTM of this map is diagonal
Tp = diag(L, po + px — Py — b=
Po—Px+Py— Pz (D.16)
Po—Px— Py +P2),
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and has trivial inverse

F;l = diag(L (Po +Px— Dy _pz)_l;
(pO —Px TPy _pz)il’ (D-17)

(po — px — Dy "’pz)_l)'

Again, using the same procedure as before, one arrives at the system of equations:

1=Bo+pr+ P+ P,
L =Bo+B1—B2— B3

P0+PxIPy—Pz (D.18)
pre—— =Bo—PB1+B2— B3

1 _ _ B —

vopepyips = Po—Pi= P2+ B3,

whose solution is reported in Eq. (41) in the main text. The action of the inverse map on

the Pauli matrix o, is

-1
-/V;J (0x) = Boox + P1020x0x + ﬂzO’yUny + B30,0,0,

=(Bo + 1 — P2 — B3)os
_ 1
C1- 2(py +p2)

Jx7

and a similar expression also hold for 0, and o, from which one obtains the deconvolution

formulas in Eq. (42).

Appendix E: Amplitude damping
The amplitude damping channel is given by the map

Nab(p) = KopK{ + Ky pK],

R o w7 (E.1)
T ]

Differently from all the other cases treated above, this channel is not generated by cou-
pled sigma matrices, and in addition one of its generators is not Hermitian. This has two
consequences: first, we cannot straightforwardly apply the same eigenvalue matching pro-
cedure used above, second one must consider the adjoint channel when deconvolving.

The PTM of the amplitude damping channel is

1 0 0 0
0 1- 0 0
Cap = P (E.2)
0o 0 =5 0
0 0 1-p
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whose inverse is

1 0 0 0
1
TAb = o T ? 0 (E.3)
0 0 = 0
- 1
o 0 0 5

In this case the eigenvalues of I'sp and Fz_ul) are not the Pauli matrices, and so we cannot
use the eigenvalue matching with the general map in (2). However, the two PTMs have
the same structure, so one may easily guess that the operator-sum representation of the
two maps share the same operators, something that also always happened in all previous
cases. Let us then suppose that the inverse map A/}, has the form

L) =Ko K - Ky - K (E.4)

with Ky = [0)(0] + «|1)(1], and K; = 7|0)(1], with &, T free parameters to be determined.

This map has PTM
1+K§—T2 0 0 O
0 k 0 0
I'k,t)= , E.5
(k,7) 0 0 x 0 (E.5)
1-72-¢2 0 0 1472412

5]

2

and by requiring that I'(k, ) = I';],, we obtain

thus recovering the inverse map

~1(0) = KoOK] — K1 OK;,

- 1 0 ~ 0 = (E.6)
Ko = 0 1 ’ Ky = vl
e 0 0

In order to evaluate the deconvolution formula, we first need to calculate the adjoint of
the inverse channel. Be ® a linear map, its adjoint ® is defined as the unique map satisfying
the following relation

(A, ®(B)) = (®(A),B), (E7)

where (-,-) denotes the Hilbert-Schmidt inner product (4, B) = Tr[ATB]. Let’s consider a

generic linear map of the form

D(4) =Y auViAV], o €R, (E.8)
k
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which is, in general, neither CP nor TP, since we make no further hypothesis on a and
Vi. By direct application of the definition of adjoint map, we obtain

(A, @(B)=Tr[A"®(B)] = Tr[A+ > aViBV] ]
k
- Tr[z VAT ka}
k
;
= Tr[(z o vaAvk> B]
k
= <Z e V;Avk,B>

k

= ) =) wV AV,
k

where we used the linearity and cyclic property of the trace, as well as the fact that the
coefficients are real, o} = ax € R. We see that for any map of the form (E.8), its adjoint
is obtained by simply substituting the operators with their adjoint, i.e. Vx — V,j . If the
map & leverages only Hermitian operators Vi = V,j , as it happens with every Pauli noise
channel, than the adjoint and the direct map of course coincides, d() = ®(-). However, the
Amplitude Channel uses non Hermitian generators Vi, thus has a non-trivial, yet simple,
adjoint map.

Straightforward application of the deconvolution formula then leads to the deconvolved

expectation values

(0 = <= ot
1
{oy) = 1—_y(‘7y>NAD(p)» (E.9)
1
(02) = E (<02)NAD(ﬂ) - V)‘

Appendix F: 2-Kraus channel

The set of channels considered here is generated by two parametrized Kraus operators

Mwo(p) = ZA”OAZ" (Fl)

i=1,2

with A; = cos|0)(0] +cos B|1)(1],and A, = sin 8|0) (1| +sin«|1){(0]. The PTM of this chan-

nel and its inverse are respectively

1 0 0 0
0 cos(a — B) 0 0

1—1two = ’ (F'Z)
0 0 cos(a + ) 0

cos(2a)—cos(2p) cos(2a)+cos(2B)
2 0 0 2
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1 0 0 0
0 e 0 0
R )
cos(a+pB)
cos(28)—cos(2a) 0 0 2
cos(2a)+cos(28) cos(2c)+cos(28)
Using the trigonometric relation
200 -2 200+ 2
cos(2a) + cos(2B) = 2cos< 5 ﬂ)cos( 5 ﬂ)

=2cos(a — B) cos(x + B)
we can rewrite the elements of 'y, as

(Tawo) 1y = Hap cos(a + B),
(F;‘,}O) = hap cos(a — B),

1 5, cos(2a) +cos(2B)
(Ftwo) h f’
a1 cos(28) — cos(2x)
(rtwo)go = hap 9 ’
with /1,p = m Written in this way, these matrix elements are very similar to those

in the PTM of the direct channel I'yy,. The differences are in the presence of the pre-factor
hqg, as well as in the signs of the angles in elements (l" »)11 and (Ftwo)zz, and in the sign in
the difference in element (I';;l )30. This suggests that the operator-sum representation of
the inverse map can be obtained starting from the direct one with some small changes, as
it happened with the amplitude damping channel. First of all, we can multiply the Kraus
operators by \/_ to introduce the pre-factor, then, to account for the difference in ele-
ments (L )11 and (T} )2, we can subtract the two operators instead of summing them.

At last, element (I';L )30 can be fixed by changmg a < B in the first Kraus operator A;.

Incidentally, these changes also fix the (Il )33 element to the correct value. Eventually,

two
making these changes leads to defining new operators

By = \/hap cos(B)|0) (0] + v/, cos(a)[1) (1],
By = \/hapg sin(B)|0) (1] + y/hq,p sin(a)|1) (0],

P 2
o = cos(2a) + cos(28)’

to be used within the inverse map
tw0( )=B;- B -By- B

One can check that this map has the desired Pauli Transfer Matrix '} .
As with the amplitude damping case, one the generators (B;) is not Hermitian, thus one
must be careful in considering the adjoint inverse map when evaluating the deconvolved

mean values. By explicit calculations the following holds:

1

(ox) = COS(O( IB) %) Niwo (0)1
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B 1
"~ cos(a + f)

(0y) (09) Newo ) (F4)

(02) = hap (cos*(B) + sin* (@) — 1+ (02) Mo (1)) -
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