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Amplitude Estimation (AE) is a critical subroutine in many quantum algorithms, allowing for
a quadratic speedup in various applications like those involving estimating statistics of various
functions as in financial Monte Carlo simulations. Much work has gone into devising methods to
efficiently estimate the amplitude of a quantum state without expensive operations like the Quantum
Fourier Transform (QFT), which is especially prohibitive given the constraints of current NISQ
devices. Newer methods have reduced the number of operations required on a quantum computer
and are the most promising near-term implementations of the AE subroutine. While it remains to
be seen the exact circuit requirements for a quantum advantage in applications relying on AE, it
is necessary to continue to benchmark the algorithm’s performance on current quantum computers
and the circuit costs associated with such subroutines.

Given these considerations, we expand on results from previous experiments in using Maximum
Likelihood Estimation (MLE) to approximate the amplitude of a quantum state and provide em-
pirical upper bounds on the current feasible circuit depths for AE on a superconducting quantum
computer. Our results show that MLE using optimally-compiled circuits can currently outperform
naive sampling for up to 3 Grover Iterations with a circuit depth of 131, which is higher than
reported in other experimental results. This functional benchmark is one of many that will be con-
tinually monitored against current quantum hardware to measure the necessary progress towards
quantum advantage.

I. INTRODUCTION

Many algorithms have been created which can provide
a quadratic speedup of certain calculations [8], including
those in finance like Monte Carlo simulations for deriva-
tive pricing and Value at Risk (VaR). These algorithms
involve applying functions to one or more random vari-
ables and extracting the expected value of the function
which is the quantity of interest. For example, finding
the fair price for a European Call Option includes eval-
uating the payoff function based on the strike price and
the distribution of the expected spot prices for the as-
set at maturity. In a quantum setting, this example
would involve several steps, including loading the spot
price distribution into a quantum state, computing the
payoff function, and finally extracting the expected value
from the amplitude of a quantum state [4][15][13][9].

While these steps leverage unique properties of quan-
tum mechanics, it is only in the last step of extracting the
expected value where the quadratic speedup is obtained.
The retrieval of the expected value of these computations
rely on Quantum Amplitude Estimation, which converges
as O(1/M) compared to the classical convergence rate of

O(1/
√
M)[8]. Therefore there is a motivation to perform

Amplitude Estimation (AE) in an efficient and accurate
way, and to benchmark its success on current hardware.
Formally, the goal of AE is to provide an approximation
of a prepared by an operator A such as in

A |0n〉 |0〉 =
√
1− a |ψ0〉n |0〉+

√
a |ψ1〉n |1〉 (1)
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In other words, there is some set of quantum opera-
tions A (e.g. the payoff function of a call option) that
maps a quantity of interest (e.g. the expected value of
the option) into a quantum state |ψ1〉 |1〉 and the goal is
to find the amplitude of that state,

√
a. The canonical

method [2] was to use Quantum Phase Estimation (QPE)
to provide an estimate for the amplitude. This approach
relied on using a controlled version of the grover iterate
Q, where Q is defined as

Q = AS0A†Sψ

Here Sψ = I − 2 |ψ1〉n 〈ψ1|n
⊗

|1〉 〈1| and S0 = I −
2 |0〉n+1 〈0|n+1. In other words, Sψ adds a negative sign
to the |ψ1〉 states and S0 reflects around the zero state.
By then performing Quantum Fourier Transform

(QFT) on the control register of size m we would get
an estimate for a.

FIG. 1: Canonical algorithm for Amplitude Estimation
by Quantum Phase Estimation.

This method has features that make it unsuitable for
current Noisy Intermediate Scale Quantum devices. The

ar
X

iv
:2

20
1.

06
98

7v
2 

 [q
ua

nt
-p

h]
  2

7 
Ja

n 
20

22
Benchmarking Amplitude Estimation on a 

Superconducting Quantum Computer 01/28/2022



Benchmarking Amplitude Estimation on a 
Superconducting Quantum Computer 01/28/2022



Benchmarking Amplitude Estimation on a 
Superconducting Quantum Computer 01/28/2022



Benchmarking Amplitude Estimation on a 
Superconducting Quantum Computer 01/28/2022



Benchmarking Amplitude Estimation on a 
Superconducting Quantum Computer 01/28/2022



Benchmarking Amplitude Estimation on a 
Superconducting Quantum Computer 27/01/2022

6

50 random vectors for each experiment, and so the ex-
act distribution of this small sample size could account
for the discrepancy. Qiskit had a lower sampling er-
ror, which we also believe could have been the result
of noise in the quantum system as well as the random
vectors. Nonetheless, both offer substantial improve-
ment over non-optimized circuits and show how signif-
icant an impact a well-compiled circuit performs over an
ordinarily-compiled one. Even the results from the naive
averaging of the non-optimized circuits had a much larger
variance than the optimized circuits from both Qiskit and
Pytket, showing that the compilation provided by both
substantially reduces unwanted noise and stabilizes the
results.
Compared to [5], our optimized circuits had higher

depths than the experiments performed on a trapped ion
computer, which reported two-qubit gates up to ninety
two and a maximum circuit depth of sixty two. The
depths reported here are much larger compared to pre-
vious experiments as we were able to achieve a mini-
mum mean error of around .04 with circuit depths of 131
for 3 Grover iterations. In fact, while the circuits con-
structed were minimal with respect to IBM’s supercon-
ducting computers, they are some of the deepest circuits
reported thus far that still obtained a significant reduc-
tion in error while performing MLAE. That said, recent
work has determined that the threshold for quantum ad-
vantage in certain Monte Carlo simulations requires a
t-depth of around 54 million [3], and so while current
hardware is out of reach for such performance, we hope
that functional benchmark tests such as this experiment
continue to evaluate the maturity of current systems in
the pursuit of such an advantage.

VII. CONCLUSION

In this paper we have expanded on previous work [5]
in using circuits that compute the inner product between
unit vectors to benchmark the Maximum Likelihood
Amplitude Estimation algorithm. While we have shown
that both the circuit optimizers by Qiskit and Pytket
work very well in reducing noise and increasing the
allowable number of Grover iterations we can perform
in the algorithm, we have more importantly provided

an empirical upper bound on the maximum allowable
depth for AE on current hardware, a metric that will be
will closely monitored as the industry progresses.
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