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Characterizing Midcircuit Measurements on a Superconducting Qubit Using
Gate Set Tomography

1

2

Kenneth Rudinger ,1,* Guilhem J. Ribeill ,2,† Luke C.G. Govia ,2 Matthew Ware ,2
Erik Nielsen,1 Kevin Young,3 Thomas A. Ohki,2 Robin Blume-Kohout,1 and Timothy Proctor3

3
4

1 Quantum Performance Laboratory, Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
2 Quantum Engineering and Computing, Raytheon BBN Technologies, 10 Moulton Street, Cambridge,

MA 02138, USA
3 Quantum Performance Laboratory, Sandia National Laboratories, Livermore, California 94550, USA

5
6
7
8

 (Received 17 March 2021; revised 4 November 2021; accepted 18 November 2021; published XX XX 2021)9

Measurements that occur within the internal layers of a quantum circuit—midcircuit
measurements—are a useful quantum-computing primitive, most notably for quantum error correc-
tion. Midcircuit measurements have both classical and quantum outputs, so they can be subject to
error modes that do not exist for measurements that terminate quantum circuits. Here we show how to
characterize midcircuit measurements, modeled by quantum instruments, using a technique that we call
quantum instrument linear gate set tomography (QILGST). We then apply this technique to characterize
a dispersive measurement on a superconducting transmon qubit within a multiqubit system. By varying
the delay time between the measurement pulse and subsequent gates, we explore the impact of residual
cavity photon population on measurement error. QILGST can resolve different error modes and quantify
the total error from a measurement; in our experiment, for delay times above 1000 ns we measure a total
error rate (i.e., half diamond distance) of !! = 8.1 ± 1.4%, a readout fidelity of 97.0 ± 0.3%, and output
quantum-state fidelities of 96.7 ± 0.6% and 93.7 ± 0.7% when measuring 0 and 1, respectively.
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I. INTRODUCTION23

Gate-model quantum computers perform computations24
by executing sequences of quantum operations, called25
quantum circuits. Quantum computations can be per-26
formed with circuits containing only qubit initializa-27
tion, reversible logic gates, and terminating measurements28
[1]—measurements that occur at the circuit’s end, convert-29
ing quantum information stored in the qubits into classical30
bits. However, circuits can also contain midcircuit mea-31
surements that extract information from the qubits and alter32
their state, but do not destroy the qubits nor necessarily33
collapse their state entirely.34

As parity check or stabilizer measurements [Fig. 1(a)]35
must extract information about a multiqubit observable,36
while not disturbing quantum information stored in the37
logical subspace, high-fidelity midcircuit measurements38
are essential for quantum error correction (QEC) [2–7].39
Midcircuit measurements also have applications to error40
mitigation and near-term algorithms [8–12].41

Midcircuit measurements, however, admit failure modes42
that do not exist for terminating measurements. Techniques43
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for accurate characterization of midcircuit measurements 44
are therefore urgently needed. In this paper, we intro- 45
duce a protocol [Fig. 1(b)] for comprehensive, self- 46
consistent characterization of a full set of logic operations 47
that includes midcircuit measurements—which we call 48
quantum instrument linear gate set tomography (QIL- 49
GST). We use QILGST to study single-qubit dispersive 50
measurements on a superconducting transmon processor 51
[Fig. 1(d)]. 52

Techniques for assessing performance of quantum logic 53
operations can be divided into benchmarking and char- 54
acterization. Benchmarks quantify overall performance 55
of operations in situ on representative tasks, and mid- 56
circuit measurements can be benchmarked using QEC 57
(and components thereof) [17–27] or algorithm [9] cir- 58
cuits. However, identifying specific error modes, pre- 59
dicting their impact, and mitigating or eliminating them 60
requires detailed characterization. This is commonly done 61
by tomography, which means estimating a model for 62
the operation. Terminating measurements are modeled 63
by positive operator-valued measures (POVMs) and can 64
be estimated by quantum detector tomography [28–33], 65
but only using precalibrated input states and gates. Gate 66
set tomography (GST) [13–15,34] removes this require- 67
ment, enabling estimation of POVMs self-consistently 68
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FIG. 1. Characterizing midcircuit measurements. Many
quantum computing primitives require midcircuit measurements,
exemplified by (a) a repeated parity-check circuit. (b) QILGST
protocol for characterizing a midcircuit measurement, as part
of a complete gate set (G = {ρ, Gi, Q, M }). The midcircuit mea-
surement is modeled by a quantum instrument Q = {Qi}, which
consists of a process matrix for each measurement outcome. QIL-
GST consists of (1) running process tomography circuits on Q,
alongside standard GST circuit [13–15]; and (2) matrix inver-
sion or maximum-likelihood estimation (using pyGSTi [16])
to self-consistently reconstruct the gate set (!G = {!ρ, !Gi, !Q, !M }).
Additions to standard GST are circled in pink. We apply QILGST
to characterize a dispersive σz basis measurement on a transmon
qubit. The (c) target and (d) estimated QI from our experiment,
with a readout fidelity of 97.0% ± 0.3% and a total error rate of
!! = 8.1 ± 1.4%. Each orange (blue) square represents a positive
(negative) real number with magnitude proportional to area.
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with initialization and gates. We show how to extend69
GST to gate sets that include midcircuit measurements,70
represented as quantum instruments [35]. Prior works71
[36–39] showed how to perform self-testing or tomog-72
raphy of quantum instruments, this is the first protocol73
for complete and self-consistent tomography of midcircuit74
measurements.75

II. CHARACTERIZING MIDCIRCUIT76
MEASUREMENTS77

A. Quantum instruments78

Quantum instruments (QIs) [35] model midcircuit mea-79
surements. In tomography, a quantum processor’s state80
is represented by a d × d density matrix, where d is81
the (intended) dimension of its Hilbert space. Gates are82
represented by superoperators acting linearly on density83
matrices and terminating measurements by POVMs that84
map states to probability distributions. All these objects85
are completely positive (CP) and trace-preserving (TP)86
quantum processes, with different input and output spaces.87
States (density matrices) describe initialization, mapping a88
trivial space into the d2-dimensional space of mixed states.89

Gate superoperators map that space to itself. POVMs map 90
quantum states to distributions over outcomes. QIs are pro- 91
cesses with a quantum input, and quantum and classical 92
outputs. This describes a midcircuit measurement, com- 93
bining the features (and outputs) of a POVM and a gate. 94
The simplest representation of an m-outcome QI Q is as a 95
set of m CP maps Q = {Q0, . . . , Qm−1} whose sum

"
i Qi 96

is TP. The QI maps ρ to a joint quantum-classical state 97
{(pi, ρi)}m−1

i=0 , where 98

pi = Tr(Qi[ρ]) (1) 99

is the probability of observing outcome i and 100

ρi = Qi[ρ]/pi (2) 101

is the output state conditional on observing i. Like gates, 102
each Qi can be represented using a d2 × d2 matrix [see 103
Fig. 1(c) for an example, with matrix elements defined by 104
[Qj ]kl = Tr(σkQj [σl]) for k, l = I , x, y, z]. 105

Quantum instruments model errors in midcircuit mea- 106
surements that POVMs cannot. POVMs have strictly 107
classical outputs, but any POVM can be “promoted” 108
to a limited kind of QI called a “measure-and-prepare” 109
process [40], by following it with a conditional reini- 110
tialization (i.e., upon observing i, ρi is prepared). 111
Measure-and-prepare processes can be characterized with 112
existing methods (e.g., GST), but cannot describe all 113
midcircuit measurements. Measure-and-prepare processes 114
destroy all entanglement with other quantum systems 115
[40], but, e.g., QEC parity checks should preserve 116
interqubit entanglement. Conversely, midcircuit measure- 117
ments designed as measure-and-prepare processes can fail 118
in ways that cannot be modeled without a general QI. QIs 119
can model and describe all Markovian errors in midcircuit 120
measurement. Our goal is to reconstruct (from data) the QI 121
that describes an experimental midcircuit measurement. 122

B. GST with quantum instruments 123

GST [13–15] self-consistently reconstructs all elements 124
of a gate set G—an initialization ρ, two or more logic 125
gates {Gi}, and a terminating measurement M . It specifies 126
(1) an experiment design (circuits to be performed) and 127
(2) analysis procedures for transforming data into a gate 128
set estimate. Several variants exist [15]; we adapt linear- 129
inversion GST (LGST) to gate sets containing midcir- 130
cuit measurements. LGST resembles process tomography 131
[42–44], with three key innovations: (1) to tomograph each 132
gate Gi, the experiment includes all circuits of the form 133
Fp

j GiFm
k where fiducial circuits {Fp

j }np
j =1 and {Fm

k }nm
k=1 pro- 134

duce informationally complete ensembles of states and 135
terminating measurements, respectively, using only gates 136
in G; (2) the experiment includes circuits for process 137
tomography on the null operation (Fp

j Fm
k circuits); and 138

(3) systematic errors are removed using the inverse of 139
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the tomographed null operation [13,15]. To extend LGST140
to a gate set containing a midcircuit measurement, repre-141
sented by a QI Q [45], we add all circuits of the form142
Fp

j QFm
k to the LGST experiment [Fig. 1(b)]; these circuits143

output a result from both the midcircuit and terminating144
measurement.145

Analyzing QILGST data presents one complication.146
Whereas each gate Gi is represented by a single CPTP map,147
a QI defines a set of CP maps {Q0, . . . , Qm−1}. Which Qi148
appears in each run of the circuit is not controllable; it is149
determined by the midcircuit measurement’s outcome. To150
reconcile this with LGST analysis, we represent the QI by151
an md2 × d2 process matrix152

Q =
#
Q0, . . . , Qm−1

$! , (3)153

which is CPTP. The m blocks correspond to copies of154
the quantum-state space, indexed by the measurement’s155
classical outcome. So whereas the LGST linear inversion156
algorithm for a gate G begins with a d2 × d2 matrix of157

directly measured probabilities G̃kj [15]—where k labels a158
final measurement setting and the column j labels a prepa-159
ration setting—the corresponding algorithm for a QI Q160

starts with an md2 × d2 matrix of probabilities Q̃kj where161
k labels a final measurement setting and which outcome of162
Q is observed. With this modification, the LGST algorithm163
can be directly applied, with the matrix elements of Q164
estimated to the same absolute precision as those of a165
gate G.166

We call this protocol quantum instrument linear GST167
(QILGST). It requires only 128 circuits to characterize168
a single-qubit gate set including three gates and a QI Q169
[46]. For all analyses presented here, we use numerical170
maximum-likelihood estimation (implemented in pyGSTi171
[16,47]), instead of linear inversion. This yields higher172
accuracy by accounting for heteroskedasticity in data [48].173
Data analysis for single-qubit QILGST takes a few seconds174
on a modern laptop. To verify the correctness of QILGST,175
we simulate it for a variety of error models (Appendix C);176
QILGST correctly reconstructs the QIs (Fig. 2).177

C. Quantifying errors in a midcircuit measurement178

Running QILGST yields estimates of all gates and an179
estimated QI. Like all GST estimates, it has a gauge free-180
dom [15], which we fix by numerically optimizing the181
gauge to minimize discrepancy between estimated gates182
and their targets [15]. We denote the gauge-optimized esti-183
mate of Q by !Q. The estimated !Q can be compared to184
the ideal “target” QI (Qtarget), to quantify errors in the185
midcircuit measurements. Like gates, midcircuit measure-186
ments can display a variety of errors, e.g., measuring the187
wrong observable, scrambling classical information in the188
measurement result, or creating wrong postmeasurement189
quantum states. The quality of a logic operation is com-190
monly summarized by metrics such as fidelity or diamond191
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FIG. 2. QILGST accurately characterizes midcircuit mea-
surements. We simulated single-qubit QILGST under a variety
of error models and computed the accuracy of the estimated QI
!Q; see Appendix C. This plot shows the estimation accuracy,
measured by half the diamond distance (!!) [41] between !Q and
the QI used to generate the data, versus the number of circuit rep-
etitions (N ). Each point (violin plot) is the mean (distribution)
of the estimation inaccuracy from simulating QILGST under
100 error models. Accuracy scales as O(1/

√
N ), the expected

shot-noise scaling.
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norm. Fidelity between QIs [49] is difficult to interpret 192
because of the joint quantum and classical output, but 193
diamond distance error !! = 1

2%!Q− Qtarget%! [41] is well 194
defined and a tight upper bound on the change in any 195
experimental probability induced by errors in Q. 196

III. EXPERIMENTAL RESULTS 197

We use QILGST to study midcircuit measurements on 198
a transmon qubit within a five-qubit device. We perform 199
dispersive measurements through a microwave cavity cou- 200
pled to the qubit using standard circuit QED [50] methods. 201
We achieve a high readout fidelity of approximately 96% 202
using a Josephson traveling-wave parametric amplifier 203
(JTWPA) [51], with a 1-µs measurement pulse resonant 204
with the qubit ground-state shifted cavity frequency, that 205
is subsequently digitized and integrated using a matched- 206
filter kernel [52]. The measurement pulse amplitude, mea- 207
sured through the qubit Stark shift [53], created an average 208
cavity population of n̄ = 122 for the qubit ground state 209
(and substantially less for the excited state), well below 210
the critical photon number nc = α%/[4χ(α + %)] = 248. 211
Further device and experimental details can be found in 212
Appendices A and B. 213

The gate set G consisted of π/2 rotations around the 214
σx and σy axes, an idle operation, midcircuit and ter- 215
minating measurements in the σz basis, and state prepa- 216
ration in |0& (implemented by a 500-µs idle reset). 217
The midcircuit measurement’s target QI [Fig. 1(c)] is 218
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Qtarget = {Qtarget,0, Qtarget,1}, where219

Qtarget,k[ρ] = Tr
%

1
2

&
σI + (−1)kσz

'
ρ

( &
σI + (−1)kσz

'
.

(4)

220

For this gate set, there are 128 QILGST circuits [54],221
36 of which contain a midcircuit measurement. We run222
the QILGST experiment (with N = 1024 circuit repeti-223
tions) multiple times; each run uses a different time delay224
td between the midcircuit measurement pulse and subse-225
quent operations, with 500 ns ≤ td ≤ 2020 ns [55]. This226
produces a QILGST dataset D(td) for each td. We apply the227
QILGST analysis to each D(td) independently, producing228
an estimated gate set !G(td) for each td.229

A. Testing for non-Markovian errors230

The gate set estimated by QILGST will accurately231
describe the data if errors on all operations are Markovian.232
Non-Markovian errors are common however [14,56–60],233
so we check whether !G(td) is consistent with D(td) using234
the log-likelihood ratio test statistic λLLR [14,58,61]. This235
λLLR is Nσ ∼ 400 standard deviations above its expected236
value (if the QILGST model is valid) when td = 500 ns,237
but Nσ ! 5 if td ≥ 1020 ns [Fig. 3(a), circles]. Therefore,238
short delay times are causing non-Markovian errors. We239
quantify the size of the unmodeled effect by the total varia-240
tion distance (TVD) between the probabilities predicted by241
!G(td) and the observed frequencies D(td) [58]. The max-242
imum TVD for the 36 QI-containing circuits is large at243
the shortest delay times (37% at td = 500 ns), but is small244
(< 6%) for td ≥ 1020 ns [Fig. 3(c), circles]. We attribute245
this large non-Markovian error at short delay times to246
residual photon population in the measurement cavity (we247
measure the relaxation rate of the cavity to be κ−1 =248
242 ns), as we did not perform active reset of the cavity249
state [53,62].250

B. Midcircuit measurements with long delay times251

Before investigating the non-Markovian effects obser-252
ved for td ≤ 900 ns, we present the results of QILGST at253
long delay times (td ≥ 1020 ns), where the estimated gate254
sets do accurately describe the data. When td ≥ 1020 ns ≈255
4.2/κ the cavity photon population is negligible, so we256
expect that the only variation across those td values will be257
a small increase in relaxation errors, in the midcircuit mea-258
surement’s preparation of |1&+1|, for longer delay times. As259
!G(2020 ns) accurately models the data for all td ≥ 1120 ns260
(Fig. 3, down triangles), we focus on !G ≡ !G(2020 ns) and261
!Q ≡ !Q(2020 ns), our estimate of the midcircuit measure-262
ment’s QI. Figures 1(d) and 1(c) show process matrices for263
!Q and the target Qtarget, respectively. We find a total error264

in !Q is !! = 8.1 ± 1.4% (error bars are 2σ ). This metric265
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FIG. 3. Characterizing non-Markovian errors in a midcir-
cuit measurement on a superconducting qubit. Evidence for
unmodeled error as a function of the delay time (td) between
the measurement pulse and subsequent operations, for four dif-
ferent models estimated from the data using QILGST. Evidence
for unmodeled error is quantified by (a) the number of standard
deviations (Nσ ) of model violation, and (b) the largest total vari-
ation distance (TVD) between the model’s prediction and the
data, for the 36 circuits containing a midcircuit measurement.
The gate set estimated by QILGST (circles) does not accurately
describe the data for small td, indicating non-Markovian errors.
This additional error can be modeled by combining QILGST’s
model estimated from the 2020 ns data—which, alone, is not
consistent with the small td data (down triangles)—with a decay-
ing Stark-shift error on the gates that follow the measurement
(squares and up triangles).
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quantifies all errors in the measurement, including readout 266
errors and errors in the postmeasurement state. 267

To verify the estimate’s consistency with standard met- 268
rics, we calculate the readout fidelity F = 1

2 [P0|0 + P1|1] of 269
the midcircuit measurement, where P0|0 (respectively, P1|1) 270
is the (marginal) probability of reading out 0 (respectively, 271
1) in the midcircuit measurement of the prepare-measure- 272
measure (respectively, prepare-π -pulse-measure-measure) 273
circuit. Both circuits are part of the QILGST experi- 274
ment, so we can predict F from !G and compare this to 275
observed frequencies in D(2020 ns). The predicted and 276
observed values are F = 97.0 ± 0.3% and F = 97.3 ± 277
0.4%, respectively, which are consistent with each other 278
and with independent readout fidelity measurements (see 279
Appendix A). 280

The readout fidelity does not quantify all error in the 281
midcircuit measurement (F = 97% whereas !! = 8%). 282
From !Q’s two process matrices {!Q0, !Q1} [Fig. 1(d)] we can 283
ascertain and quantify the types of errors that are occur- 284
ring. As it ideally should, the measurement destroys all 285
coherence between |0&+0| and |1&+1|. This is because, to 286
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within statistical uncertainty, !Qi[σx] = !Qi[σy] = 0 for both287
i = 0 and i = 1 [i.e., only the corner elements of the matri-288
ces in Fig. 1(d) are inconsistent with zero]. !Q is therefore289
entirely described by the probabilities pi|j = Tr(!Qi[|j &+j |])290

and output states ρi|j = !Qi[|j &+j |]/pi|j . We find that p0|0 =291
99.7 ± 0.6% and p1|1 = 99.0 ± 0.6% (these probabilities292

imply a readout fidelity of F̃ = 99.3 ± 0.4%, which dif-293
fers from F above—but it is not inconsistent, as F294
includes contributions from errors in the state input into295
the midcircuit measurement, whereas F̃ does not [63]).296
We find that ρi|i = σI + ziσz where z0 = 0.93 and z1 =297
−0.86, implying state fidelities between ρi|i and the ideal298
(postmidcircuit-measurement) preparations |i&+i| of 96.8 ±299
0.6% and 93.7 ± 0.8%, for i = 0 and i = 1, respectively.300
Error in the output quantum state therefore dominates error301
in the midcircuit measurement. This error is not quantified302
by readout fidelity, and cannot be measured by detector303
tomography. The probability for the excited state to decay304
during the full 3.02 µs measurement and delay time is305
approximately 4.2%, so there is an additional source of306
2%–3% error in the measurement operation, which we307
conjecture is due to effects beyond the dispersive model308
[64–69].309

C. Modeling non-Markovian errors in midcircuit310
measurements with short delay times311

We now return to consider the source of the non-312
Markovian errors observed for short postmeasurement313
delay times. A likely source of observed non-Markovian314
error when td < 1020 ns is residual cavity photons, which315
induce an ac Stark shift of the qubit frequency. This316
causes a δσz Hamiltonian error in all postmeasurement317
gates where δ (1) decays over time, and (2) depends on318
the midcircuit measurement outcome. In the context of319
tomography, this is a non-Markovian effect—it cannot be320
modeled by a single CPTP map per gate. To test whether321
the Stark shift explains the data, we construct a model322
!Gstark that is identical to !G(2020 ns) except for added errors323
that model the Stark shift. We replace !Gk with324

!Gk(α, r, i, m) = exp[log(!Gk) + αi(td) exp(−mri)Z], (5)325

for k = x, y, where Z[ρ] = −iσzρ + iρσz generate σz rota-326
tions, m = 0, 1, . . . indexes the number of gates since the327
midcircuit measurement, i is the midcircuit measurement’s328
outcome, ri is the Stark shift’s decay rate, and αi(td) is329
the initial phase error for delay time td. Both ri and αi(td)330
can be fully described by dispersive theory and indepen-331
dent device characterizations. This model explains most332
of the discrepancy between the QILGST fits and the data333
for td < 1100 ns (Fig. 3, squares). With zero fit parame-334
ters, at td = 500 ns Nσ is decreased by almost an order335
of magnitude, and the maximum TVD from 80% to 15%.336

This is strong evidence that the main source of the non- 337
Markovianity is this decaying Stark shift. As this shift adds 338
a coherent Z component to postmeasurement gates, this 339
kind of error could be mitigated “for free” via virtual Z 340
rotations [70]. 341

This model does not, however, entirely explain obser- 342
vations at the shortest delay times. This could be due to 343
inaccuracies in the device parameter characterization, or 344
effects beyond dispersive theory [64–69]. To test the first 345
hypothesis, we fit the four parameters α0(td), α1(td), r0, 346
and r1 to the data at each td [71]. This final model is 347
almost consistent with the data (Fig. 3, up triangles), and its 348
optimized parameter values predict behavior close to that 349
predicted by the independently measured device parame- 350
ters at long delay times. (See Appendix E for more details 351
on how we incorporate the decaying Stark shift into the 352
QILGST estimate.) This demonstrates how QILGST can 353
be combined with device physics to develop and validate 354
microscopic models of device dynamics, while also sug- 355
gesting that additional physics is needed to fully describe 356
dispersive measurements on superconducting qubits. 357

IV. DISCUSSION 358

Quantum-computing experiments that rely on well- 359
calibrated midcircuit measurements are becoming increas- 360
ingly prominent [17–26]. Techniques like QILGST will be 361
essential for characterizing them. The most striking fea- 362
tures of our experimental results are the non-Markovianity 363
of the midcircuit measurement at short delay times, and 364
the large error in the postmeasurement state even with 365
the longest postmeasurement delay. These effects could 366
not have been discovered and quantified using quantum 367
detector tomography, randomized benchmarking, or read- 368
out fidelity measurements, and they suggest that active 369
cavity and qubit reset [53] will be critical for low-error 370
midcircuit measurements on superconducting qubits. As 371
with standard tomographic methods, the number of cir- 372
cuits required for QILGST scales exponentially with the 373
number of qubits. However, QILGST could potentially 374
be combined with recent advances in many-qubit GST 375
[72,73] to obtain polynomial resource scaling. By enabling 376
complete characterizations of, e.g., many-qubit syndrome 377
extraction cycles, this would provide invaluable insight 378
into experimental QEC. 379

Data and code availability 380

All data presented herein and all analysis code are 381
available online [74]. 382
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APPENDIX A: DEVICE PARAMETERS416

The superconducting transmon device is fabricated by417
BBN in collaboration with Raytheon RF Components.418
The device ground plane, resonators ,and qubit capacitors419
are 200 nm niobium sputtered on high-resistivity intrin-420
sic silicon, cleaned with an HF-last RCA clean [75] before421
sputtering. The niobium metallization is optically pat-422
terned and etched with an SF6 + O2 RIE-ICP plasma etch.423
Postetch residues are removed using an oxygen ash and a424
HF etch. The qubits’ single Josephson junction is patterned425
using a Dolan bridge [76] technique using a PMMA-MMA426
bilayer resist and electron-beam lithography. The junction427
is fabricated using aluminum electron-beam evaporation428
after an Ar+ ion mill etch to remove surface oxides. The429

Q3

FIG. 4. Micrograph showing the device studied in this paper.
Q3 is the central qubit.

F4:1
F4:2

sample is mounted in and wirebonded to a custom cop- 430
per sample holder, with additional aluminum wirebonds 431
across on-chip resonators to short parasitic resonances. 432
This package is in turn mounted to the cold stage of a dilu- 433
tion refrigerator inside a light-tight, magnetically shielded 434
sample can. 435

The qubit chip consists of five fixed-frequency trans- 436
mon qubits, designed to be similar to those described in 437
Ref. [77], connected by bus resonators in two pairs of 438
three. A micrograph of the device is shown in Fig. 4. 439
For the experiments described in this paper, only one 440
qubit (Q3) is measured, while the other transmons are 441
detuned by at least 140 MHz (with coupling only through 442
bus resonators) and so have no impact on its opera- 443
tion and can thus be safely ignored. Q3 is dispersively 444
coupled to a readout resonator through which control 445
drives resonant with the qubit are also applied. A detailed 446
description of the control wiring, electronics, and soft- 447
ware stack can be found in Appendix B. Relevant device 448
parameters are listed in Table I. In particular, the photon- 449
number population evolution in the qubit cavity and its 450
relaxation time 1/κ are measured using the Stark shift 451
[53]. Qubit coherences are measured using standard inver- 452
sion recovery, Ramsey and Hahn echo sequences, and 453
are listed in Table II. The Xπ/2 and Yπ/2 qubit rotation 454
gates are implemented as Gaussian pulses with a 60 ns 455
length. Single-qubit error per Clifford gate is measured 456
using randomized benchmarking [78] and found to be r = 457
1.1× 10−3 [Fig. 5(a)], consistent with the results of GST 458

TABLE I. Device parameters for transmon Q3.

Parameter Symbol Value Measurement

Qubit frequency ω01/2π 4.76418 GHz Low-power qubit spectroscopy
Qubit anharmonicity α −310 MHz Two-tone qubit spectroscopy
Resonator dressed frequency ωr/2π 6.73464 GHz Low-power resonator spectroscopy
Resonator-qubit coupling g/2π 62.5 MHz Calculated [80]
Qubit dispersive shift χ/2π −0.270 MHz Resonator spectroscopy with qubit in |0& and |1&
Resonator photon decay rate 1/κ 242 ns Cavity photon-number decay [53]
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(Fig. 6). Qubit measurement fidelity, here defined as F =459
(P0|0 + P1|1)/2, where P1|1 is the probability of correctly460
identifying the qubit state as |1& when prepared in |1&,461
is determined from calibration data taken simultaneously462
with the QILGST sequences. To calibrate the measurement463
fidelity, we use 1.3× 105 preparations each of the qubit in464
its ground and excited states. The reflected cavity signal465
is down-converted and integrated using a matched ker-466
nel filter [52], and binned resulting in the well-separated467
readout histograms shown in Fig. 5(b). Integrating and468
taking the difference of these histograms yields a fidelity469
F = 96.35%, while an approach using logistic regression470
[79] yields a fidelity F = 96.43% ± 0.7%.471

APPENDIX B: CONTROL ELECTRONICS472

QILGST control sequences are generated in the473
pyGSTi software package then compiled and time-474
ordered using BBN’s Quantum Gate Language (QGL)475
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FIG. 5. (a) Randomized benchmarking of single-qubit
Clifford gates on Q3. Cliffords are generated from
{I , X (±π/2), Y(±π/2), X (π), Y(π)} gates with an average
of 1.71 gates per Clifford. Points are averages of 32 independent
randomized sequences of Clifford gates for each length, while
the solid curve is an exponential fit to the data used to extract the
error per Clifford r = 1.1× 10−3. (b) Histogram of measurement
results after matched filter integration for 1.3× 105 ground and
excited state preparations, corresponding to F = 96.4%.
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TABLE II. Transmon average coherence times, measured con-
tinuously over 8 h.

T1 (µs) T∗2 (µs) T2 (µs)

70.2 43.8 82.5

[81]. QGL ouputs a hardware-efficient representation of 476
the experiments, which are sent to the control hardware 477
over an ethernet interface. The physical control and read- 478
out pulses are sequenced using BBN’s custom Arbitrary 479
Pulse Sequencer II (APS II). The sequencing capabilities 480
of the APS II allow for continuous playback of the QIL- 481
GST experiments in an interleaved fashion collecting 1024 482
shots for each td without interruption for waveform or data 483
loading. 484

Our superconducting device is measured in a Bluefors 485
LD-400 dilution refrigerator. Figure 7 outlines the com- 486
plete measurement system. The amplifier pump and qubit 487
control and readout microwave tones are generated using 488
Holzworth9000A microwave synthesizers. To correct for 489
any residual phase instability in the measurement tone, we 490
use an “autodyne” measurement technique [52]. Control 491
and readout pulses are mixed with the microwave tones 492
using Marki IQ-4509 mixers. Control pulses are generated 493
by BBN custom APS II [82] units. The readout and control 494
channels are combined at room temperature, and the qubit 495
cavity is measured in reflection through a Krytar direc- 496
tional coupler at the cold stage. A K&L micro machined 497
6L250 low-pass filter provides the qubit with protection 498
from high-frequency noise above 12 GHz, and a Quinstar 499
QCI cryogenic isolator provides further isolation from the 500
rest of the readout chain. The cavity signal and a pump 501
tone are then combined using a second directional coupler 502
and sent through a JTWPA. The JTWPA provides roughly 503
25 dB of gain at the cavity frequency. Additional isola- 504
tion is provided by a second Krytar QCI isolator and QCY 505

1200 1400 1600 1800 2000
Delay time (ns)

10−2

10−1

G
at

e
er

ro
r

Gi, QILGST
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QI, QILGST
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FIG. 6. Errors as measured by half diamond distance for QIL-
GST (solid lines) and LGST (dashed lines) reconstructions for
td > 1020 ns. Gi denotes the idle operation, Gx the π/2 X
rotation, Gy the π/2 Y rotation, and QI the quantum instrument.
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FIG. 7. Experimental diagram. Microwave control signals are synthesized at room temperature and mixed up to the qubit and
cavity frequencies. These signals are routed into a dilution refrigerator and bounce off the qubit sample. The microwaves then pass
through both a JTWPA and HEMT amplifier before being down mixed and further amplified again at room temperature. Microwave
attenuation levels are listed for each temperature stage of the dilution refrigerator. The measurement signal from the cavity is converted
to an intermediate frequency using an autodyne technique [52] and digitized using a commercially available digitzer running custom
firmware [83].
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circulator. The readout signal is then amplified at the 4-K506
stage using an LNF LNC4_8C HEMT amplifier.507

Outside the cryostat, microwaves are amplified further508
using a L3Harris Narda-MITEQ AMF-4F-04001200-15-509
10P before down-conversion to the 13-MHz intermediate510
frequency with a Marki doubly balanced mixer. A Stanford511
Research Systems SR445A preamplifier with a voltage512
gain of 25 is the last stage of amplification before the sig-513
nal is captured using a X6-1000M Innovative Integration514
digitizer card running custom firmware [83] which further515
decimates, digitally downconverts and integrates the data516
using a matched filter [52]. Data collection and pipelining517
is orchestrated by a the Auspex software package [84]. All518
sources, digitizers and sequencers share a global 10-MHz519
clock provided by an SRS SF725 Rubidium frequency520
standard.521

APPENDIX C: QILGST SIMULATIONS522

In the main text, we demonstrate that QILGST works523
correctly using simulated data. Here we provide the details524
of these simulations. We simulate single-qubit QILGST on525
a gate set consisting of π/2 rotations around the σx and σy526
axes, midcircuit and terminating measurements in the σz527
basis, and state preparation in |0&. The target QI is Qtarget =528
{Qtarget,0, Qtarget,1} where529

Qtarget,k[ρ] = Tr
%

1
2

&
σI + (−1)kσz

'
ρ

( &
σI + (−1)kσz

'
.

(C1)

530

We generate 100 different error models. Errors on the531
midcircuit measurement are randomly sampled, and errors532
on all other operations are held constant. The X and Y533
operations each have over-rotations of 10−3 radians along534
both X and Y axes and are subject to 10−2 depolarization,535
while SPAM is subject to 10−3 depolarization. The mid-536
circuit measurement is subject to randomly chosen errors,537
both on the classical and quantum portions of the chan-538
nel. With a probability chosen uniformly from 0 to 10−2539
the |0& is misidentified as |1& (and vice versa, with another540
independently chosen probability). Additionally, X and Y541
coherences are chosen to persist postmidcircuit measure-542
ment, both strengths equal but chosen uniformly at random543
between 0 and 10−2.544

For each error model, we simulate drawing N samples545
from each of the QILGST circuits, with N varying loga-546
rithmically from 16 to 1024. For the data with each value547
of N , we apply the QILGST analysis to obtain an estimate548
of the gate set. We then compute half the diamond dis-549
tance between the estimated QI !Q and the true QI Qtrue550
used in the simulation (not Qtarget), as a measure of the551
estimation inaccuracy. Figure 2 in the main text shows552
estimation inaccuracy versus N . It scales as 1/

√
N (stan-553

dard quantum-limited scaling), indicating that QILGST is554

correctly reconstructing the QI up to the expected statisti- 555
cal fluctuations. 556

APPENDIX D: QILGST EXPERIMENTAL 557
RESULTS 558

Here we include some additional analysis of the QIL- 559
GST experimental results. Figure 6 shows the the half 560
diamond distance error (!!) for each gate for td ≥ 1020 561
ns (when the datasets are Markovian). We examine the 562
estimates obtained from both QILGST and LGST. (The 563
latter does not incorporate circuits containing any midcir- 564
cuit measurements, and therefore does not reconstruct an 565
estimate for the quantum instrument.) There is good agree- 566
ment between the LGST and QILGST reconstructions of 567
the non-QI operations, and the error rates are reasonably 568
stable across the examined delay times. 569

We do note that qubit relaxation does increase with post- 570
measurement delay time, as expected. However, this effect 571
is only on the order of a couple of percent and is not cur- 572
rently a dominant error source for large postmeasurement 573
delay times. The strength of this particular error mecha- 574
nism is illustrated in Fig. 8, where we consider the fidelity 575
of the postmidcircuit measurement state with respect to the 576
|1&+1| state, postselected on having prepared a |1& state 577
and having received a classical “1” from the midcircuit 578
measurement. 579

Finally, we also provide the QILGST reconstruction of 580
!G(2020 ns) in Table III. 581

APPENDIX E: STARK-SHIFT MODEL FOR 582
NON-MARKOVIAN ERROR 583

The QILGST fits in the main text show evidence for 584
a considerable amount of non-Markovian error. A pos- 585
sible model to explain this error is the ac Stark shift 586
of the qubit frequency due to residual photons in the 587
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Delay time (ns)
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FIG. 8. Fidelity of ρ1|1 with respect to the ideal state |1&+1| as
a function of postmidcircuit measurement delay time. ρ1|1 is the
state output by the midcircuit measurement, conditioned on the
input state |1& being fed into it and the classical bit “1” being
read out from the midcircuit measurement.
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TABLE III. QILGST-reconstructed estimates for all operations at td = 2020 ns.

Operation label Gtarget !G(2020 ns) 2σ error bars

|ρ&& 1/
√

2





1
0
0
1









1
−0.016
−0.008
0.953









0
0.008
0.009
0.006





++M | 1/
√

2
#
1 0 0 1

$
1/
√

2
#
1.002 −0.002 −0.01 0.997

$ #
0.002 0.006 0.008 0.003

$

Gi





1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1









1.0 0.0 0.0 0.0
−0.004 0.993 −0.001 0.021

0.01 0.008 0.989 −0.008
0.005 −0.022 0.003 0.99









0.0 0.0 0.0 0.0
0.008 0.009 0.024 0.027
0.008 0.024 0.009 0.03
0.009 0.027 0.03 0.01





Gx





1 0 0 0
0 1 0 0
0 0 0 −1
0 0 1 0









1.0 0.0 0.0 0.0
−0.001 0.999 0.003 −0.004

0.0 −0.004 0.011 −0.999
0.0 −0.003 0.999 0.011









0.0 0.0 0.0 0.0
0.004 0.004 0.012 0.012
0.002 0.012 0.007 0.003
0.002 0.012 0.003 0.006





Gy





1 0 0 0
0 0 0 1
0 0 1 0
0 −1 0 0









1.0 0.0 0.0 0.0
−0.001 0.005 0.004 0.999
−0.001 −0.005 0.999 −0.004
0.001 −0.999 −0.005 0.006









0.0 0.0 0.0 0.0
0.003 0.006 0.013 0.003
0.004 0.013 0.003 0.013
0.003 0.003 0.013 0.006





Q0





0.5 0 0 0.5
0 0 0 0
0 0 0 0

0.5 0 0 0.5









0.504 0.003 −0.006 0.493
−0.01 0.002 0.005 −0.014
−0.007 −0.005 0.002 −0.0
0.454 0.0 0.005 0.478









0.003 0.011 0.011 0.005
0.013 0.023 0.023 0.016
0.013 0.023 0.022 0.016
0.006 0.014 0.014 0.009





Q1





0.5 0 0 −0.5
0 0 0 0
0 0 0 0
−0.5 0 0 0.5









0.496 −0.003 0.006 −0.493
0.004 0.001 0.001 −0.009
0.009 −0.003 −0.005 −0.009
−0.418 0.004 0.0 0.448









0.003 0.011 0.011 0.005
0.013 0.023 0.023 0.015
0.013 0.023 0.023 0.015
0.007 0.015 0.016 0.01





measurement cavity leftover from the midcircuit measure-588
ment. The ac Stark shift will be time-dependent as the589
photons leak out of the cavity, and thus induce a non-590
Markovian error on subsequent gates following the mid-591
circuit measurement. A qubit-only Hamiltonian describing592
this error model is given by593

H(t) = Hk + δ(t)σz, (E1)594

where Hk for k ∈ {x, y} is the Hamiltonian describing the595
intended gate, and δ is a parameter describing the Stark596
shift. Based on the lowest order dispersive theory, we597
would expect that δ(t) = χn(t), where n(t) =

/
â†â

0
(t) =598

nie−κt is the time-dependent expectation value of the cav-599
ity photon population, with ni the initial photon population600
that depends on the outcome of the midcircuit measure-601
ment, labeled by i ∈ {0, 1}, as we drive on one of the602
shifted cavity lines for measurement. All parameters in603
this model are measured by independent calibration exper-604
iments, see Table I.605

The gate generated by this Hamiltonian is given by606

Gk(t) = T← exp
1
−i

2 t0+tgate

t0
H(t)dt

3
607

≈ exp
1
−i

2 t0+tgate

t0
H(t)dt

3

= exp
#
−i

&
Hktgate + ϕi,mσz

'$
, (E2) 608

where the approximation sign is an indication that we 609
approximate the full time-ordered integral with the first- 610
order term of the Magnus expansion. We verify that the 611
second-order term of the Magnus expansion results in a 612
phase error that is at least an order of magnitude smaller 613
than the first-order phase error ϕi,m. From the experimental 614
calibration and dispersive theory, the first-order phase error 615
is given by 616

ϕi,m(td) = χni

κ

#
1− e−κtgate

$
e−κ(mtgate+td), (E3) 617

where m ∈ {0, 1, 2} labels the gates following the midcir- 618
cuit measurement. 619

For the modeling results presented in the main text, 620
we approximate the implemented gate more accurately by 621
replacing Hk with log(!Gk), the generator [85] of the super- 622
operator representation of the gate !Gk characterized by 623
QILGST at 2020-ns delay. We model each gate following 624
the midcircuit measurement as 625

!Gk(α, r, i, m) = exp[log(!Gk) + αi(td) exp(−mri)Z],
(E4)

626
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FIG. 9. Total amount of σz rotation angle induced by the post-
measurement Stark shift in each postmeasurement gate. ϕi,m
indicates the theoretical prediction for the mth postmeasure-
ment gate when i is read out; φi,m is the same quantity, but
where we numerically optimize the fit parameters of the model
(independently at each td).
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where627

αi(td) = χni

κ

#
1− e−κtgate

$
e−κtd , (E5)628

and ri = κtgate under the dispersive model.629
In addition to the model given above with ϕi,m of630

Eq. (E3) determined entirely by independently character-631
ized parameters, we also fit a model of the form of Eq. (E4)632
with all αi(td) and ri as free parameters. For this model633
fitting, these free parameters are independently fit at each634
delay time, and for each midcircuit measurement result.635
The model fit results in a phase error636

φi,m(td) = αi(td)e−mri . (E6)637

Figure 9 shows the calculated value of ϕi,m, and the fit638
estimate of φi,m as a function of delay time for each gate639
following the midcircuit measurement. The two models640
agree reasonably well above td ≈ 900 ns. We note that (a)641
the effect is much more pronounced (as expected) when 0 is642
read out than 1, and (b) the fit model does not quite follow643
an exponential decay at low td. This latter point indicates644
that while the Stark-shift inspired model of Eq. (E4) with645
free fit parameters is a good effective model for the data,646
it does not agree with simple microscopic dispersive the-647
ory. This indicates that the discrepancy is likely not due648
to mischaracterization of the system parameters, but of649
qualitatively distinct physics arising from effects outside650
of dispersive theory.651
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