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Abstract CCS Concepts

Quantum feedback makes the execution of dynamic quantum cir-
cuits possible and is widely used in quantum algorithms. However,
due to the inherent computation and transmission cost, the latency
of the quantum feedback becomes a considerable burden on the
current quantum algorithm. The dynamic property of the feedback
also makes the gates blocked until the feedback is finished. In this
paper, we propose ARTERY, which uses branch prediction to sup-
port instruction pre-execution and speed up the feedback. ARTERY
integrates historical statistics of branches and a real-time readout
pulse analysis to predict the branch. With this idea, we build up a
reconciled branch predictor that concatenates the historical statis-
tics of branches and a real-time branch circuit speculation obtained
from the readout-pulse trajectory predictor. We further explore
the implementation of peripheral hardware for feedback, including
a scalable inter-FPGA connection via the backplane, a feedback
trigger mechanism for dynamic instruction timing, and an adaptive
pulse sampling technique to maximize the hardware bandwidth.
ARTERY accelerates quantum feedback process by 2.07x compared
to the state-of-the-art method, with over 90% prediction accuracy,
achieving 1.24x fidelity improvement.
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1 Introduction

Quantum feedback is necessary for many quantum algorithms,
such as fast reset [46, 74], quantum state teleportation [50], and
quantum error correction [10]. These algorithms utilize the ability
of feedback to dynamically change the operations in the quantum
program based on the mid-measurement result, which improves
the flexibility of the program [65]. Feedback is a key component in
error correction, usually taking more than 70% of time for readout
and qubit repair [28, 42, 47, 52]. Since qubits rely on correction
to mitigate error in the current noisy hardware [1, 11, 12, 19, 43,
59, 64, 66], feedback will frequently occur on in future quantum
applications.

However, similar to conditional judgment in classical CPU feed-
back, quantum feedback entails an extremely high computational
overhead in quantum programs. Moreover, since gates after the
feedback are non-deterministic, the computation is blocked at the
feedback, which further increases the latency. Specifically, the feed-
back is implemented via a readout on the quantum processor, fol-
lowed by classical processing on the FPGA boards that determines
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the subsequent quantum operations. The readout and reset with
classical processing require 500 ns and 160 ns in Google’s quantum
error correction experiment [42], individually. The total latency is
26.4 times longer than a single gate operation. During this long
feedback period, qubits are exposed to various sources of error,
leading to a high error rate. For example, on Sycamore hardware,
feedback incurs an error rate of more than 2%. Such an error rate is
far above the threshold for quantum error correction, resulting in a
significant correction overhead.

Hardware-level optimization on quantum processors or periph-
eral hardware has been applied to speed up the feedback [9, 14, 16,
438,61, 67, 68,70, 71, 73]. Nevertheless, they are limited by hardware-
imposed lower bounds in the readout and classical processing. For
readout, the latency is constrained by the required qubit lifetime,
which, if reduced, would lower overall computational accuracy
[15, 18, 22, 67]. For example, Walter et al. [67] achieve an 88 ns read-
out latency by optimizing the chip fabrication. Further reducing
the readout latency requires an increase in the coupling strength
between the readout resonator and the qubit, which exposes qubits
to the external environment and therefore reduces the qubit life-
time (i.e., T1) [21]. For classical processing, prior works [7, 8, 62, 71]
accelerate the state classification and pulse preparation on the FPGA
through parallelism [71] and caching techniques [7, 8, 62]. How-
ever, the processing unit (i.e., state classifier, ADC, and DAC) in the
FPGA has an inherent latency due to clock frequency and essential
calculations, resulting in a minimum overall latency of 150 ns [20].

Although quantum feedback faces the latency wall, a key tech-
nique is to exploit branch prediction (BP), an essential component of
CPUs, for quantum feedback. A typical BP mechanism predicts the
most likely branch and pre-execute instructions under this branch.
It can significantly reduce pipeline stalls for successful speculations.
However, for unsuccessful predictions, the CPU incurs additional
instructions to recover the computation. The effectiveness of BP
is largely determined by the accuracy of the prediction. However,
the classical BP methodologies [6, 35, 49, 53] can not be directly
applied to quantum workloads for two reasons, necessitating a new
quantum BP design. First, qubits can stay in the superposition state,
exhibiting higher randomness in the readout, while classical BP is
designed for deterministic outcomes. For example, when measuring
a qubit state with a 50% probability of |0) and a 50% probability of
|1), adopting deterministic speculation provides no benefit. Second,
the quantum readout is a long, continuous process, providing inter-
mediate readout results for prediction, while classical estimations
are discrete and cannot utilize this information.

In this paper, we propose ARTERY, a BP design for quantum
feedback, including a fast quantum speculation methodology and a
physical design that optimizes the synchronization and scalability
of the classical feedback hardware. We first introduce a BP mecha-
nism for quantum feedback, which consists of rules for identifying
the pre-executable instructions and the recovery strategy for incor-
rect predictions. Then, we present our speculation methodology,
which combines the historical results of prior shots and a dynamic
trajectory classifier to estimate the probability of choosing each
branch in the early stages of feedback. When the prediction prob-
ability reaches a confidence threshold, the program pre-executes
gates to eliminate the blocking. Our prediction achieves an accuracy
of more than 90%, benchmarked by current quantum algorithms.
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Figure 1: Basic architecture of quantum feedback.
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In the physical implementation, we design a hardware architec-
ture for fast feedback based on ARTERY, including hardware units
for state classification and pulse preparation. Three optimizations
are introduced to improve the synchronization and scalability. First,
we develop a hardware interconnection scheme employing hierar-
chical communication, which shortens the critical path for feedback
signal transmission. Second, to reduce the idle time for unit commu-
nication, we design a timing control scheme with feedback triggers
to orchestrate the units. Third, we implement an on-chip pulse
sampling method to alleviate bandwidth pressure and maximize
the integration density of DAC channels on a single FPGA. The
contributions of this paper are summarized as follows:

e We propose a fast quantum feedback mechanism using branch
prediction, which addresses the inherent latency limitations of
current quantum hardware, thereby benefiting various quantum
algorithms, such as quantum error correction and fast reset.

e We propose the first branch prediction method specifically for
quantum programs. Using historical results and dynamic qubit
trajectories, achieving over 90% accuracy.

e We propose a set of hardware-level optimization methods, in-
cluding an adaptive timing control method, a hardware inter-
connection scheme, and adaptive pulse sampling to enhance the
synchronization and scalability of the feedback system.

Experiments suggest that ARTERY achieves 2.07x acceleration in
feedback compared to the state-of-the-art feedback method [20],
driving the average latency from 2.15 ps to 1.04 pus, achieving 1.24X
fidelity improvement.

2 Background
2.1 Quantum Feedback Architecture

Figure 1 shows the typical quantum feedback on quantum devices
with two stages. First, a qubit is read. Second, the readout infor-
mation is sent to a classical feedback controller, which classifies
the qubit state and determines the branch 0 or 1 of the quantum
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Figure 2: Latency breakdown of quantum feedback.

program based on the qubit state. The physical implementation
of this paper is based on the superconducting quantum hardware.
However, the mechanism of ARTERY can be generalized to other
physical implementations, such as the neutral atom [69], and the
trapped-ion hardware [5, 30, 37].

Figure 1 presents the architecture of the classical feedback con-
troller to perform branching. It includes ADC modules to capture
the pulse form qubits as readout information. The information is
processed by an FPGA, which contains two key units. The state clas-
sification unit demodulates the pulse and classifies the qubit state.
The pulse preparation reads the pulse data of the chosen branch
from the memory. The pulses pass through a timing controller for
synchronization and to the buffer, which are then sent by DAC to
the quantum processor.

2.2 Breakdown of Quantum Feedback

Figure 2 presents the breakdown of latency in the feedback, suggest-
ing a 660 ns latency wall according to current quantum hardware.
Specifically, for the quantum processor, reducing the readout la-
tency requires increasing the coupling strength between the readout
resonator and the qubit, which also decreases the qubit lifetime (i.e.,
T1). The left part of Figure 2 presents the relation between the
lifetime and the readout latency on different quantum processor
designs [41, 42, 67]. For example, Walter et al. [67] achieves the
smallest readout latency of 88 ns, while it also has the smallest
lifetime of 7.6 ps. To ensure a useful lifetime, the minimum readout
latency is limited to 500 ns by Google [42]. On the other hand, the
current feedback controller involves ADC processing, state classi-
fication, pulse preparation, and DAC processing, as shown in the
right part of Figure 2. Each has a minimum latency of 44 ns, 24 ns,
36 ns, and 56 ns, respectively. This overall leads to the latency wall
of 660 ns (500 ns of readout + 160 ns of feedback hardware), which
can hardly be optimized by hardware-level optimization. Moreover,
under the current sequential feedback mechanism, we can observe
that the state-of-the-art feedback controller [20] is close to the
minimum latency, showing a small optimization space.

3 Overview

ARTERY speeds up the feedback by pre-executing the quantum
gates with a new branch prediction algorithm. Figure 3 (a) presents
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Figure 3: Overview of ARTERY.

the workflow of ARTERY. Given a quantum circuit, ARTERY first
identifies available feedback, allowing instruction pre-execution.
It then proceeds to program execution. During the readout of the
feedback, ARTERY iteratively analyzes the probabilities of branches
based on the historical branches in prior shots. When the proba-
bility of a branch exceeds a threshold 6§, ARTERY pre-executes the
quantum gates of these branches. When the readout is finished,
ARTERY knows the correctness of the prediction. If the prediction
is incorrect, a recovery is required. Specifically, since quantum cir-
cuits are reversible, ARTERY applies the reversed quantum gates to
cancel the pre-executed gates and then execute the correct branch.

According to the quantum mechanism, all the quantum gates can
be pre-executed. We summarize gate pre-execution in the following
situations, shown in Figure 3 (b):

(1) In case 1, before the X gate on g3, there are no other gates
or readouts. And the X gate, therefore, can be pre-executed.
This situation frequently appears in applying correction gates
on the data qubit in feedback-based quantum error correction
such as magic state injection (construction of logic T gate)
[17,23].1t also appears in quantum state transfer such as remote
entanglement gates construction [4].

In case 2, the feedback gates involve two-qubit gates that rely
on the operation of the read qubit, g;. It cannot be simply
pre-executed on g; as the read qubit is occupied by the read-
out operation. However, an ancillary qubit ¢; will help. After
readout, g1 will collapse to classical states, which can be pre-
prepared on ¢/, then the rest of the gates operated on g1 can
be pre-executed on g}. By the way, g; can be recycled after

@

~
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the readout operation is completed, thereby minimizing qubit
resource waste to the greatest extent.

In case 3, for scenarios where feedback must operate on the
read qubit, such as qubit reset [74], we must wait for the com-
pletion of the reading process before applying the feedback
gate. In contrast to traditional methods, we can employ predic-
tion techniques to apply the feedback gate at the end of the
readout operation, thereby eliminating hardware processing
latency, which exceeds 100 ns.

In case 4, if the feedback operation is readouts on another
qubit g2, we cannot apply pre-execution as the readout is not
reversible. Once a prediction error occurs, it is unrealistic to
recover the state of g2, as g2 has already collapsed to a classical
state due to the readout operation.

Gate pre-execution essentially involves altering the temporal
ordering of operations within the directed acyclic graph (DAG)
of the quantum circuit. These four cases essentially represent a
DAG constraint analysis for quantum feedback pre-execution. For
example, in case 1, the feedback operation on Q2 is independent
and unconstrained, and the error state recovery process under the
assumption of dynamic circuit execution is also unconstrained, al-
lowing execution in advance. Cases 2 and 3, however, are subject to
the same constraint, i.e., operations cannot be performed on a busy
qubit, and thus quantum gates must be pre-executed on auxiliary
qubits to transition to a valid state. Cases 1-3 encompass almost all
quantum feedback situations, allowing branch prediction to accel-
erate the majority of feedback applications. Case 4 is constrained
by the "irreversibility of readout” logic, making it impossible to
recover the state prior to prediction, and therefore, quantum gates
cannot be executed in advance.

Real-time feedback and Pauli Frame error correction are orthog-
onal methods in QEC. In the Pauli Frame scheme [45, 57], the
syndrome can benefit from latency reduction through prediction-
based active feedback (Figure 3 (b), case 3). Some studies suggest
that real-time feedback can map data qubits to low-energy state to
prevent error accumulation and error propagation [2, 38], allowing
logical T-gates to be implemented [17, 40]. In this manner, data
qubit can also benefit from pre-correction (Figure 3 (b), case 1). This
case can also apply to the pre-execution of branching circuits for
modern long-distance practical circuits such as quantum random
walk (QRW) [51] and quantum state teleportation (QST) [4, 55]
performed on physical qubits.

Although the readout in the feedback causes quantum collapse to
all qubits, when the readout qubits are entangled with other qubits,
the mathematical foundation of the gate pre-execution lies in the
fact that the Hamiltonian of the readout does not operate on the
pre-executed qubits. When the branch is determined, the operator
of the readout and the subsequent quantum gates commute. In other
words, the order of the readout and branch does not change the final
result. We put specific proofs of it in the Appendix, to prove that the
pre-execution operation is equivalent to the feedback operation.

4 Branch Prediction Methodology

As a motivational example, Figure 4 illustrates the readout outcome
statistics of the prior and posterior shots during the execution of a
quantum feedback program, using quantum random walk (QRW) as
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Figure 4: Motivational example for ARTERY.

an example. For any given feedback program, the readout distribu-
tions of the prior and posterior shots follow a very similar pattern,
e.g., (0.42, 0.58), (0.44, 0.56). The figure also displays example read-
out trajectories for prior and posterior shots. Larger points indicate
later times. The data corresponds to a readout pulse of 2000 ns, with
1Q coordinates calculated every 400 ns. The figure shows that the
trajectory for |0) generally trends toward the |0) center of the fixed
coordinate for most of the time period, while the trajectory for |1)
follows a similar pattern. The figure presents statistical trajectory
states, revealing repeated patterns in both prior and posterior shots,
with similar frequency distributions. This observation allows us to
leverage the frequency of state occurrences to predict the readout
results of subsequent shots, using the following BP method.

ARTERY adopts a branch prediction method inspired by the clas-
sical method. As shown in Figure 6 (a), A classical BP method [54]
uses historical branches to predict the possible branch under
the current state, which is stored in a state table consisting of
< state, branch > pairs. branch of each state in the state table is
the most frequent branch under this state, which is dynamically up-
dated during the CPU execution. A feature based on the temporary
dependency of the branches in the CPU is characterized as a current
state, which consists of the recent k branches of prior feedback.
The prediction is performed as a table matching to find the most
possible direction. For example, when the recent 2 directions are "1,
1", the state is "11". For the table with pair < 11,1 >, the prediction
is 1.

However, the branch of the quantum feedback shows higher
randomness due to the quantum superposition state. Besides, BP
on the classical CPU assumes that the branches are temporarily
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Figure 5: Mechanism of qubit state classification.

dependent; we can, therefore, use branches of different programs to
predict the current branch, but the branches of different quantum
programs are independent. ARTERY adopts a combination model
to predict the branch. Specifically, a quantum program usually has
multiple shots. Besides, a readout has two possible outcomes: 0 or 1.
We only need to predict the probability of reading 1, Py egics_1- as
Ppredict_0 = 1= Ppredict_1 ARTERY uses two key features to model
the probability for each shot:

(1) the historical branch distribution of this feedback, which in-
cludes the statistical probability of reading 1 (Ppissory 1);

(2) the probability of reading 1 (i.e., Preqq 1) at an intermediate
moment of the readout process in the current shot.

Since readout in the quantum system is a continuous process,
we can estimate P,,,q 1 at the intermediate time point of this pro-
cess. As shown in Figure 5 (a), on the superconducting quantum
hardware, the readout is implemented with a readout resonator
coupled to the qubit [22, 24]. The state of each qubit is measured by
sending the readout pulses to the readout resonator and identifying
the frequency shift of the pulse, called dispersive shift.

A portion of the readout pulse can differentiate frequency shifts
via I and Q values, with longer pulses offering higher accuracy. At
time point ¢;, the readout controller captures a segment of pulse,
with complex amplitudes pulse = [a1,a2,---,ar], where L is a
specified window length. The I and Q values are calculated follow-
ing the demodulation equation:

L
1
I= o1 ;(ai.real - cos(wi) + aj.imag - sin(wi))
1

Q=L+1

L
Z(ai.imag - cos(wi) — aj.real - sin(wi))
i=1

where a;.real and a;.imag are the real part and the imaginary part
of the amplitude a;, respectively. As presented in Figure 5 (a),  and
Q values of different states (i.e., 0 or 1) are in different clusters in
the IQ plane, which is used to classify the readout outcome. For
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example, Figure 5 (b) presents the trajectory of I and Q values at
time points tp to ts.

Since I and Q values at different time points form a trajectory,
the estimation is performed by comparing this trajectory with a
pre-generated table. Specifically, at time point ¢;, we demodulate the
captured readout pulse, obtaining the IQ values. Then, by calculat-
ing the distances between IQ values and the center of 0 or 1, we can
identify the most probable state at this time point. However, there
are noises during the readout, leading to data jitter at the time points.
We record the most probable states of k recent time points as a
trajectory and compare this trajectory to a < trajectory, Pregq 1 >
table, which records P,.,g ; under different trajectories. k is a user-
defined parameter determined based on the granularity of the esti-
mation. In addition, the < states, P.qq 1 > table is pre-generated
when the quantum hardware is initialized, and the probability in the
state table remains unchanged during the execution of the feedback
program. However, we dynamically update the probabilities among
different quantum feedback programs based on previous execution
results to enhance the accuracy of predictions.

We combine the historical probability and the probability based
on the intermediate readout pulse by a Bayesian model to estimate
the overall probability of the:

PhistoryJ . PreadJ

Pyredict 1=
predict Phistoryil-Preadil +(1- Phistoryfl) (1= Preadil)

For example, as shown in Figure 6, the historical probability
Phistory 1 of using branch 1 is 0.7. The prediction iteratively an-
alyzes the readout pulse and records the trajectory of possible
readout results. The state is regarded as the recent 3 results, 111.
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According to the < states, Proqq 1 > table, the probability of read-
ing 1 in the current shot is Pypqq 1 = 0.95. Combining Ppjssory 1
and Py.qq 1, the overall of predicted probability of using branch 1

is Pp

0.7-0.95

redict_1 = 0.7.Propq 1+(1-0.7)-(1-0.95)

= 0.97. Pre-defined prob-

ability thresholds 6y and 6; are employed to decide whether to take
gate pre-execution. If Py, . gjc; o < 0o, the feedback will take branch

0, otherwise branch 1 when Ppregicr 1 > 61-

The ARTERY algorithm is fast in implementation and accurate
in the estimation. Clearly, in terms of implementation, updating the
historical outcome distribution is performed after each prediction,
leading to no latency. In P,..,4 1 estimation, computing the distance
and the table matching has O(1) complexity. In terms of accuracy,
the prediction uses both the historical outcomes and the current
readout state. Therefore, for feedback with uniform qubit state (50%
0 and 50% 1), the probability can be estimated based on the current
readout state. On the contrary, when the readout has a high error
rate, the accurate estimation is achieved by the historical outcomes.

5 ARTERY Implementation

5.1 Hardware Design

Figure 7 (a) provides an overview of ARTERY’s feedback controller
architecture. In this design, the clock management module gen-
erates the reference clock for the ARTERY system and provides
synchronized clocks for the ADC and DAC modules. The ADC and
DAC modules, responsible for pulse reception and transmission,
are integrated into an add-on card. These chips are connected to
the ARTERY design via serdes for high-speed pulse data transfer.
The ARTERY hardware system connects to the backplate through
the data transceiver, enabling the reception and transmission of
feedback signals from other FPGAs.

As shown in Figure 7 (b), the input pulses are captured by the
ADC core and the digital down converter to obtain low-frequency
pulses. Additionally, the output pulses go through data interpolation
and are then generated into analog pulses by the DAC core. The
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(c) Processing units of feedback controller.

Figure 7: Hardware design of ARTERY.

digital down converter and interpolation modules are quite time-
consuming, accounting for most of the latency of ADC and DAC
processing. The key processing units of the feedback controller are
arranged as illustrated in Figure 7 (c). The top and the bottom of the
figure represent state classification and pulse preparation modules,
respectively, which are separated by the dynamic timing controller
in the middle.

State classification. The input readout pulse is initially received,
buffered, and then adjusted with a stream width adapter. Subse-
quently, two stream adapters handle the input stream. One gener-
ates the real part of the pulse, while the other handles the imaginary
part. The adapter collects pulse data within the window length
(#1, t2) and sends it to the demodulator. The pulse is then processed
along with pre-stored parameters for demodulation. The demodu-
lated results are pushed into a demodulation result queue with a

depth of %, providing the IQ coordinates of the pulse.

The branch history registers with a width of k records the prelimi-
nary classification of the quantum state at time t3. Simultaneously,
the register records are synchronized with the readout trajectory
buffer to update the probabilities in the state table as soon as the
readout is finished. Whenever the values in the branch history reg-
ister are updated, P, 4 can be obtained via the state table, which
is implemented using BRAM and occupies a max memory size of
2k=3(k + 16) Bytes, where k is the number of branch registers. The
Bayesian prediction model consists of a multiplier and a FIFO for
storing readout predictions, which outputs the Pp,cg;c; after three
cycles. The prediction result is simultaneously sent to the timing
controller for dynamic timing control and to the branch decider to
determine whether it exceeds the pre-set thresholds 6y or 6;.
Pulse Preparation. The branch decider is designed to analyze
branch signals and prefetch quantum gate instructions from the
operation table. The pulse library, implemented as a lookup table,
stores pre-encoded pulses for branch circuits. Upon querying the
library using an address, the pulses are retrieved and sent to the
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Figure 8: Interconnected backplane to speed up the commu-
nication.

decoder. The decoded pulse is then transmitted to the DACs via the
JESD interface, completing a full feedback cycle.

Additionally, for inter-FPGA feedback signals, transmission
occurs through the predictor-interconnection-data transceiver-
backplate pathway. This process also incorporates trigger signals
issued by the dynamic timing controller to ensure synchroniza-
tion of inter-FPGA communication. This design enables a scalable
approach to branch prediction.

5.2 Scalable Controller Interconnection

Considering the scalability of quantum feedback, the primary issue
lies in maintaining real-time feedback across the entire quantum
chip, where the branch operations are controlled by nearby or far-
away qubits. As shown in Figure 8 (a), the backplane architecture
designed to interconnect multiple FPGA boards supports full con-
nectivity, which features a layered structure, enabling high-speed
point-to-point transmission between FPGAs with non-overlapping
transmission paths within each layer. To ensure sufficient signal
fan-out and enable feedback control between any qubit pair on-chip
while minimizing overall transmission latency, the backplanes are
connected as an efficient routing network for feedback signals.

As illustrated in Figure 8 (b), the transmission is organized into
three levels. The first level handles feedback within the same FPGA,
where signals are transmitted directly with minimal latency. The
second level manages feedback between qubits under the same
backplane, which offers a direct connection between FPGAs. The
third level is activated to deal with feedback across backplanes to
handle the longer-distance feedback. This distributed multi-level
control is the optimal transmission architecture because it priori-
tizes lower-latency paths for most feedback operations, reserving
higher-latency paths for only the most necessary communications.

5.3 Dynamic Timing

Conditional quantum execution. ARTERY employs Bayesian
analysis based on branch prediction, where the timing of branch di-
rection predictions is inherently uncertain. To support the dynamic
execution of branch circuits, the conventional static timing scheme
should be updated to conditional execution with dynamic timing.
Designing an on-chip dynamic timing control scheme is required to
modify timing based on predicted quantum states, allowing for low-
latency execution without misalignment by adjusting execution
windows to minimize idle time for the entire quantum system.
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Figure 9: Feedback trigger mechanism to enable dynamic
timing control.

As illustrated in Figure 9 (a), the execution of quantum instruc-
tions typically requires shifting the execution of branch circuit
instructions from being constrained by a fixed time schedule to be-
ing governed by feedback triggers. For example, in static timing, an
RX (%) pulse is executed at a fixed time point, such as ¢ = 200dt. In
contrast, under dynamic timing, instructions are conditionally exe-
cuted: upon receiving a feedback trigger, the controller immediately
issues the RX pulse for execution.

Feedback trigger. The Figure 9 (b) illustrates the working strat-
egy of the feedback trigger. At time t(, the Bayesian predictor gener-
ates a probability prediction Ppredict_1, Which is below the threshold
01. As a result, the dynamic timing controller does not issue the
feedback trigger, and the branch circuit remains inactive. After a
time window of length L, at 1, the Bayesian predictor updates its
prediction, which now exceeds the threshold 6, meeting the condi-
tions for executing the branch circuit. Consequently, the dynamic
timing controller issues a feedback trigger. If the feedback process
is executed on the same FPGA, the feedback decider initiates the
branch circuit execution immediately upon receiving the feedback
trigger. In the case of inter-FPGA feedback, the feedback trigger
is transmitted through the backplane to the feedback decider on a
different FPGA. Upon receiving the remote trigger, the other FPGA
proceeds with the pre-execution of the branch circuit.

5.4 Adaptive Pulse Sampling

The signal transmission speed between DAC and ADC within an
FPGA is significantly faster compared to the transmission between
FPGAs via serdes (e.g. 4ns vs. 48ns). However, the number of DACs
and ADCs that can be connected with a single FPGA is limited
due to Advanced Extensible Interface (AXI) bandwidth constraints.
Quantum pulses usually contain a large number of ’0’ signals for
idle operation and are easy to compress [32]. To address this, the
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Figure 10: Workflow of the adaptive pulse sampling.

ARTERY design incorporates an adaptive sampling rate method
that optimizes on-chip bandwidth usage. By dynamically adjusting
the sampling rate based on compressed pulses, the design reduces
the data transmission load, allowing the maximization of the inte-
gration density of DACs on each FPGA.

When deploying control pulses of the branch circuit, ARTERY
generates high sampling rate analog-to-digital conversion data
through pulse encoding. Before transmitting data to the DAC mod-
ule, a decoding unit is designed to handle the encoded pulses from
the pulse library. As shown in Figure 10, consider an example where
the DAC has a resolution of 16 bits and a sampling rate of 2 GSPS
(2G samples per second). For a basic gate set comprising RX, RY, RZ,
and CZ, the pulse data required for circuit execution includes a 30
ns XY pulse, a 60 ns CZ pulse, and a 2 pis readout pulse. After encod-
ing, these pulses are stored in the pulse library. When the decider
receives a feedback trigger, it retrieves the required pre-encoded
pulses from the pulse library. The pulse stream is then transmitted
over the AXI bus and sent to the decoder for processing. The de-
coder utilizes a combination of run-length decoding and Huffman
decoding. The pulses are first decoded using the run-length decoder,
and then the original pulses are reconstructed using the Huffman
table. Once decoded, the pulse is converted back to its original form
and adjusted to the required DAC sampling rate. Finally, the de-
coded pulses are sent to the DAC modules for further processing and
conversion into analog signals, ensuring more integration density
of DACs on each FPGA under the same transmission bandwidth.

6 Evaluation

6.1 Experiment Setup

Platforms. We use a self-developed quantum processor with 18
Xmon-qubits, arranged in 3x6 grid topology. The qubit relaxation
time (T1) ranges from 110us to 140us. The basis gates of the device
are RX, RY, RZ, and CZ gates, where RZ gates are implemented
as virtual gates [33]. The single-qubit gates, two-qubit gates, and
readout are calibrated to reach the fidelities of 99.94%, 99.7%, and
99.0%, respectively. The calibrated parameter set of pulses to reach
the best fidelity are recorded for pulse generation with ARTERY. 3
qubits share the same readout line using frequency-multiplexing.
The duration of the readout pulse is 2us for all of the qubits. We
collect the readout pulses and branch results on this quantum device
to perform evaluation. The dataset contains 4,000 readout pulses
and the corresponding readout pulses. For each benchmark, we set
1, 000 sequences as training datasets for parameter training and the
other for latency testing.
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Figure 11: Example of QEC circuit.

Configurations of ARTERY feedback controller. We simu-
late the hardware controller with an FPGA carrying 16 DACs and 4
ADCs. We set Xilinx Zynq MPSOC xczu15eg-ffvb1156-2-i and
xczu9eg-ffvb1156-2-i as the backend FPGAs connected with
AD9164, AD9680 from Analog Devices as the backend DACs and
ADCs, programmed by High-level Synthesis (HLS) and Verilog. The
FPGA operates at 250MHz, and the interpolation of DAC is set to
2%, with a numerically controlled oscillator bypassed. We set the
default window length in the demodulation to 30 ns for readout
pulse demodulation. The default number of branch history regis-
ters is set to 6. The communication latency through serdes among
FPGA:s is 48 ns. The DAC sampling rate is set to 4 GSPS, with the
ADC sampling rate fixed to 1 GSPS.

Software configurations. All programs are implemented with
Python (3.9.13) and the Numpy package (1.23.1). We use Qiskit
to simulate the noisy execution results. We also use Pymatching
package to pre-generate a lookup table for decoding. All software
experiments are performed on an AMD EPYC 2.25GHz 64-core CPU
with 1TB of memory.

Baseline. We compare ARTERY against state-of-the-art feed-
back acceleration approaches, including QubiC [20] (implemented
similarly on Google Sycamore [42]), HERQULES [31] (implemented
with feedback, and the window length is set to 30 ns), Salathe et al.
[48], and Reuer et al. [44].

Benchmark. The evaluation is performed on 6 algorithms, in-
cluding the quantum error correction (QEC) [10] with surface code,
quantum random walk (QRW) [51], quantum remote CNOT gate
construction (RCNOT) [4], deterministic quantum teleportation
[55], repeat-until-success based quantum neural network (RUS-
QNN) [36] and active qubit reset [46, 74]. We use the QEC circuit
in [10] with a code distance of 3, which is repeated in 1 to 30 cy-
cles. For the QRW circuit, we evaluate a two-qubit circuit ranging
from 1 to 25 steps. The physical distances of the RCNOT circuit
and DQT circuit are both set to 1-6. The RUS-QNN circuit is set
to repeat, ranging from 1 to 6 cycles. The reset operation is set to
be performed on 1-25 qubits simultaneously. We also build a set
of random benchmarking circuits, where we randomly add 25-150
gates before and after the feedback operation. Except for the QEC
experiment, where the initial state is set to |0), |+) and |1), all other
benchmarks adopt random initial states to ensure high accuracy.

6.2 Example: quantum error correction

Figure 11 (a) illustrates the surface code scheme used for valida-
tion (distance = 3), where the black circles represent data qubits
and the red circles represent syndromes. Figure 11 (b) shows the
execution of the QEC circuit integrated with ARTERY, where sqg;
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Figure 12: Evaluation of feedback latency and fidelity of QEC.

refers to the syndrome and dgy refers to a data qubit. In each cycle,
the syndrome’s readout uses branch prediction to acquire readout
results. Once ARTERY obtains all results from syndromes, they are
decoded by a real-time decoder, and a pre-correction operation is
executed. Next, ARTERY applies an X gate on the data qubit (dqy) to
flip the physical qubit before the syndrome readout is finished. As
soon as the syndrome readout concludes, the pre-reset is performed
based on the prior prediction, eliminating the need to wait for the
hardware processing. If the previous prediction of the data qubit
is correct, the program immediately proceeds to the next cycle.
Otherwise, recovery is performed on the data qubit (via a second X
gate on dqy), followed by the proper operation (a final Z gate on
dqp)-

Figure 12 (a) presents the evaluation of the FPGA feedback la-
tency of data qubit correction in the QEC circuit. Overall, ARTERY
achieves 4.80X speedup in feedback compared to the state-of-the-
art method QubiC [20] (used in Google’s hardware). As for active
reset for syndromes, ARTERY achieves 1.08x faster than QubiC,
driving 2.16 us to 2.01 us of latency. Considering that 2 ys of the
2.01 ps feedback latency are dedicated to the readout, this result
demonstrates that the reset operation begins almost immediately
after the readout is completed, thereby allowing more time for gate
execution. Additionally, the latency of the QEC cycle depends on
the syndrome readout and reset. ARTERY achieves a 1.06X accelera-
tion in end-to-end latency for each cycle, reducing it from 2.45 ps to
2.31 ps. This acceleration is achieved with the readout latency of 2
us; with faster readouts, the acceleration ratio could be even greater.

As for the simulation of logical errors, since packages like Stim
do not support feedback operations and dynamic circuit configura-
tions, we use Qiskit to construct and simulate a noisy d=3 surface
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code circuit (including T1, T2, single-qubit gates, two-qubit gates,
and readout errors, with parameters consistent with Google [42]).
We then construct a dynamic circuit using latency results obtained
from ARTERY. Due to limitations in Qiskit’s syntax for feedback
operations, we replace the real-time decoder with a lookup table, re-
taining only the feedback operations. To better align with practical
experimental requirements, we executed the QEC circuit with 500
repetitions. Figure 12 (b) shows the logical error rate of the circuit
under different cycles, with dynamical decoupling [13] added on
idle qubits. Compared to QubiC [20], ARTERY achieves a 1.86x
reduction in logical error rate. This is due to the fast reset of the
syndrome, which reduces the overall cycle latency, while the data
qubits, being in a low-energy state due to pre-correction, reduce
decoherence errors. It decreases physical qubit errors and therefore
improves logical qubit error rates.

Figure 12 (c) compares the logical error rate result in the sur-
face code with d=3 between the noise environment simulation of
ARTERY and the state-of-the-art Google’s real-world QEC demon-
stration experiment [42]. ARTERY achieves up to 2.02X improve-
ment in the logical error rate, with a logical error rate of only
22.1% at cycle=25, which is lower than Google’s 44.6%. Furthermore,
compared to Google’s demonstration, the error rate of ARTERY
increases more gradually with the number of cycles.

By sampling from the existing syndrome prediction accuracy,
we develop a latency error estimation model for larger code dis-
tances. In the estimation, any prediction error in a syndrome trig-
gers branch recovery. We estimate the upper bound of ARTERY’s
benefit in latency reduction for larger code distances. Figure 12
(d) shows the syndrome feedback time saved by ARTERY at each
cycle for different code distances. For d=13, ARTERY reaches its
upper bound. Although ARTERY can predict the readout results
in advance and operate alongside the decoder pipeline, the cost of
recovery for wrong predictions limits its effectiveness. For circuits
with d>13, the cost of prediction errors will overwhelm the bene-
fits of pre-execution, and ARTERY does not contribute to latency
reduction under the current prediction accuracy.

6.3 Evaluation of Feedback Latency

Table 1 presents the average feedback latency performance of
ARTERY and other baselines. Overall, ARTERY achieves 2.07X ac-
celeration in feedback latency compared to the state-of-the-art
method (QubiC [20]). ARTERY drives the average feedback latency
from 2.15 ps to 1.04 ps. The significant acceleration in feedback
latency comes from branch prediction and circuit pre-execution,
while other feedback methods still wait for readout and hardware
processing.

As shown in Table 1, the feedback latency of different methods
increases linearly with the number of feedback iterations. There-
fore, the more feedback cycles included in the circuit, the more
execution time ARTERY can save. Additionally, we observe that
ARTERY feedback latency differs in algorithms. For instance, the
average feedback latency in the RCNOT circuit is only 0.93 ps, while
in the QRW circuit, it can be 1.23 us. This significant difference is
attributed to the varying historical readout probabilities. For ex-
ample, in QEC, the probability distribution of historical readouts
is highly imbalanced, with Pp;ss0ry 1 being below 1%. Such a prior
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Table 1: Evaluation of feedback latency (us).
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Figure 13: Evaluation of fidelity improvement.
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Figure 14: Ablation study of techniques.

probability allows the predictor to output Py,egics 1 exceeding the
tolerance threshold 8; shortly after receiving the readout pulse, en-
abling early branch pre-execution. However, the prior probabilities
in the QRW circuit are more random, requiring the analysis of a
longer readout pulse before predicting and executing the branch
circuit, resulting in a longer feedback latency.

Figure 14 (a) summarizes the average feedback latency when
relying solely on historical data versus readout pulse analysis. For
the QEC algorithm, using only historical data achieves a prediction
accuracy of 0.972 with an average latency of 0.386 ys. In contrast,
other algorithms like DQT and RUS-QNN achieve prediction ac-
curacies of only around 0.4 to 0.7, accompanied by significantly
higher latencies. When relying solely on readout pulse analysis,
the prediction accuracies across benchmarks exceed 0.9, but it still
leads to 1.47% longer latency than that of ARTERY. Because of the
pre-execution constraint (Figure 3 (b) case 3) for active reset, the
feedback latency will never be less than 2 ps.

Figure 13 illustrates the fidelity improvement of QRW [51], RC-
NOT [4], RUS-QNN [36], DQT [55] and active reset [46, 74]. Includ-
ing QEC fidelity in Figure 12 (b), overall, ARTERY achieves 1.24X,
1.22%, 1.19% and 1.29x fidelity improvement compared with the
QubiC [20], HERQULES [31], Salathe et al. [48] and Reuer et al. [44].
Due to the shorter feedback latency, ARTERY is less affected by
relaxation noise, and it becomes more beneficial when dealing with
longer circuits. For example, when the QRW circuit reaches the
25th step, the fidelity of the target qubit remains at 80%, whereas
the fidelity of other methods drops below 70%. In the case of the
DQT algorithm, when a circuit with a distance of 6 (i.e., with 6

294

ancillary qubits is used for quantum state teleportation), ARTERY
achieves a 1.52x improvement in fidelity compared to Salathe et al.
[48]. Moreover, according to Figure 13 (b) and Figure 13 (d), as the
distance of long-distance entanglement increases, ARTERY demon-
strates even more significant improvements in fidelity for the target
qubit than other methods. Considering ARTERY’s shorter latency
and higher fidelity, it proves to be a more efficient approach for
facilitating long-distance quantum entanglement.

6.4 Evaluation of ARTERY Prediction

Figure 15 (a) depicts the prediction accuracy and feedback latency
during the state classification for a depth=10 RCNOT circuit. As
the readout latency increases, the branch prediction accuracy rises
rapidly. At 0.75 ps of the readout pulse, the prediction accuracy
reaches 82.7%, and at 1 ps, it increases to 90.6%. The rapid classifi-
cation is attributed to the branch registers and state tables, which
record the readout trajectory history and provide read probabilities,
enabling the Bayesian model to refine the overall probability and
quickly make accurate branch predictions iteratively. In the latter
half of the readout pulse analysis, the prediction accuracy stabi-
lizes above 95%, allowing for earlier detection of quantum states
compared to a complete readout.

We randomly sample 14 branch prediction results for the feed-
back process of each benchmark. Figure 15 (b) illustrates the accu-
racy distribution of branch predictions for different benchmarks.
As observed, the prediction accuracy for QEC is relatively high,
predominantly around 97.0%, with an average latency of 0.382 ps.
In contrast, QRW and RCNOT exhibit accuracy ranges primarily
between 84.6% and 93.5%, with corresponding average latencies of
1.227 ps and 0.934 pis, respectively. The higher history probability in
QEC enables faster predictions with greater accuracy. On the other
hand, QRW and RCNOT rely more heavily on readout information
compared to QEC, leading to longer feedback latency.
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Figure 15: Evaluation of branch prediction accuracy.

Table 2: Evaluation of the adaptive pulse sampling.

Raw Huffman &
Method pulse Huffman Run-length Run-length
QEC 64.0 27.5 11.9 9.9
Bandwidth

QRW 64.0 28.8 15.6 13.1

(Gb/s)
RCNOT 64.0 26.4 14.0 12.2
QEC 4.0 9.0 21.0 25.0
#DAC /FPGA QRW 4.0 8.0 16.0 19.0
RCNOT 4.0 9.0 18.0 20.0
QEC - 18.9 12.3 20.7

Latency
(ns) QRW - 16.4 7.6 13.5

ns

RCNOT - 17.2 12.5 14.6

6.5 Evaluation of Controller Implementation

Table 2 illustrates the bandwidth performance of the decoder when
employing three different compression algorithms: Huffman encod-
ing, run-length encoding, and a combined Huffman and run-length
approach across three benchmarks. Compared to the original raw
pulse, all three algorithms achieve significant improvements in
on-chip pulse data transmission bandwidth. Specifically, ARTERY
demonstrates an average 4.7X increase in pulse transmission band-
width using the combined Huffman and run-length encoding, with
the QEC benchmark achieving up to a 6.2X enhancement. Huff-
man encoding and run-length encoding individually yield average
bandwidth optimizations of 4.1X and 2.6X, respectively. These im-
provements are attributed to the sparsity and compressibility of
the raw pulses, even after software calibration techniques. While
all three compression methods are effective across the benchmarks,
their performance varies due to different gates during the execution.
For instance, QEC achieves a higher compression ratio compared
to QRW, likely because QEC circuits exhibit greater pulse repet-
itiveness despite a larger coding space. However, the temporal
distribution of the pulse tends to be more disordered and hard for
run-length encoding. Under a storage constraint of 1.4MB, Huffman
demonstrates an advantage over run-length encoding. The com-
bined Huffman and run-length approach further optimizes data
transmission bandwidth by first applying Huffman encoding to
the pulses, followed by run-length compression. This sequential
strategy enables superior bandwidth performance.

Table 2 also shows the number of available DACs on a single
FPGA after the bandwidth optimization. For the three benchmarks,
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Figure 16: Evaluation of the window length in the demodula-
tion.

the increase in the number of available DACs varies due to the
differences in circuit compression ratios. Using the combined Huff-
man and run-length encoding approach, the number of available
DACs can be increased by factors of 6.3, 4, and 5 for QEC, QRW,
and RCNOT, respectively. Considering the general-purpose usage,
it is optimal to minimize the number of DACs required for commu-
nication with the FPGA. Consequently, compared to the original
quantum feedback implementation, where a single FPGA could
support up to 4 DACs, the pulse decoder method increases this
capacity to 16 DACs.

The decoder itself introduces a decoding latency, adding to the
feedback latency. However, the primary purpose of the decoder
is to increase the number of DACs that can be supported by a
single FPGA, replacing inter-FPGA transmission latency with
shorter on-chip transmissions. This creates a latency trade-off.
Table 2 also shows the average latency of different decoding
algorithms on three benchmarks when feedback signals must
be transmitted across FPGA boards. The combined Huffman
and run-length approach achieves an average 1.66X reduction
in overall latency. For algorithms like QEC and RCNOT, which
involve inter-FPGA feedback communication, the acceleration
provided by the decoder is more significant. Notably, for the
RCNOT algorithm, which requires coordination among multiple
FPGAs, the decoder method achieves a 2.3x acceleration compared
to the original implementation. For longer transmission distances,
the anticipated reduction in transmission latency would be even
greater. In such cases, the decoder enhances bandwidth and adds
decoding overhead to the feedback latency. Although there is a
trade-off, decoders stay beneficial in superconducting quantum
control systems composed of multiple FPGAs.

6.6 Evaluation of Parameter Setting

Figure 16 presents the prediction accuracy and feedback latency
when setting different window lengths for segmented demodulation
among 6 benchmarks. Both high prediction and lowest average
feedback latency are achieved with the window length set to 0.03
ps. Our findings indicate that shorter window lengths fail to capture
sufficient information, resulting in reduced accuracy. For example,
DQT [55] algorithm shows the longest latency when the window
length is set to 0.1 ps. Conversely, longer window lengths decrease
the frequency of prediction updates, leading to increased latency,
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Figure 17: Evaluation of the probability threshold to deter-
mine the pre-execution.

especially for QEC [42] circuits. For instance, when the window
length is set to 0.1 ps, the feedback latency increases to 2.1x.

Adjusting the tolerance threshold for each benchmark is rec-
ommended. Figure 17 shows an example of how to determine the
experimental best threshold for RCNOT’s branch prediction. We
use the training pulse data to evaluate the feedback latency among
different tolerance thresholds, obtaining the lowest overall feedback
latency. Then, we set 91% to the tolerance threshold to evaluate the
test pulse data.

7 Related Work

Current feedback optimization methods mainly focus on the accel-
eration of feedback calculations on FPGA. To reduce the feedback
latency, Salathe et al. [48] use parallel calculations and pipelined
processing to accelerate state classification. QubiC [20] implements
a pulse table to speed up the pulse preparation and also uses fine-
grained DAC optimization to minimize the feedback latency. Guo
et al. [16] use parallel computing when demodulating readout IQ
pulses. Yang et al. [71] optimizes the state classification by directly
removing zero-value points during the mixing step, bypassing the
time required for a moving average filter. Reuer et al. [44] generate
a deep reinforcement agent for quantum feedback, reaching faster
and more accurate readout for quantum feedback. Additionally,
Tholén et al. [61] implement an event sequencer to pipeline sig-
nal generation, data acquisition, and feedback with precise timing.
However, these methods typically yield only modest latency im-
provements and remain insufficient to overcome the performance
bottleneck caused by the latency wall.

Prior works also focus on readout latency reduction. Walter
et al. [67] minimizes readout latency to 88 ns by increasing the
dispersive-interaction strength, choosing an optimal linewidth of
the readout resonator. Heinsoo et al. [18] employ individual Purcell
filters for each readout resonator to suppress off-resonant driving,
minimizing readout latency to 80 ns. However, these methods face
a shorter lifetime for qubits, making the quantum processor less
practical.

HERQULES [31] and Benjamin et al. [26] employ readout trajec-
tory analysis with FNN and DNN, respectively. However, in Section
4, We apply a new vectorization method that converts readout tra-
jectories into states for feedback branch prediction. Combined with
optimized readout analysis methods [60, 72] and pulse generation
speedup [29, 62], ARTERY achieves higher accuracy and lower feed-
back latency. In pulse compression, Jongseok et al. and Dongmoon
et al. [34, 39] only compress the pulse between the classical com-
puter and FPGA, while our technique optimizes the communication
between the components of FPGAs, which aims to increase the
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number of available DACs on each FPGA. ARTERY focuses on feed-
back on physical qubits rather than algorithms executed on logical
qubits [3, 27, 56, 58] or non-feedback benchmarks [25, 63]. However,
ARTERY benefits error correction itself by accelerating fast reset on
syndrome and enabling data qubit pre-execution, providing benefits
for more widely-used applications.

8 Conclusion

Readout and feedback latency are the primary sources of latency
overhead in mid-circuit measurement processes required by quan-
tum error correction and similar algorithms. Previous efforts, such
as leveraging parallel computation or pre-stored pulses, have
achieved only marginal latency reductions. However, due to the
persistence of the latency wall, minimizing feedback time remains a
significant challenge. To address the problem, we propose ARTERY
to accelerate quantum program feedback via branch prediction. We
introduce how to predict the readout result with historical readout
results and IQ pulse trajectories. Finally, we propose a hardware
design to provide end-to-end acceleration for quantum feedback.

Appendix: Proof of Gate Pre-execution

Consider a quantum system of two qubits (g1, g2). At to, the qubits
are prepared to an initial state |/(0)). Originally, at specific times:

e During the period of t; to 2, g1 is under readout; The readout
process can also be regarded as applying an entangling gate with
the resonator, represented as Gy, , operated on ;.

e the branch circuit (represented as gate Ag,), is executed on gz
after t7, based on the readout results of q;.

let Ag, is the branch circuit, which is applied based on the results
of measurements mj on q;. This feedback operation can be repre-
sented by

qu, ifm; =1

1
I, ifm; =0 M

(Ag,)™ = {
where [ is the identity operation.
We want to prove that the pre-execution operation is equivalent
to the feedback operation. That is to say,

(qu)m1€3m GQIJ(tIs tz)(qu)m = (qu)m] qu,r(th tz) (2)
—_—
feedback on m

Where m is the predicted results of readout on g, and @ repre-
sents the right multiplication by a measurement operator. Since
Gg,,r(t1,t2) and Ag, are applied on different qubits, they commute
with each other. We have

Gy r(t1,12)(Ag,)™ = (Ag,) ™Gy r (11, 12) )

Then, the pre-execution operation( the left of Equation (2)) becomes
(qu)mleaqul,r(tl, tz)(qu)m (4)

= (Ag,)™®M(Ag,) "Gy, r (11, 12) ®)

= (qu)mle)m@mcql,r(tla tZ) (6)

Because m; @mém=m; & (mé& m) = m; &0 = my, we have

(qu)mlequl,r(tl, tz)(qu)m = (qu)mlel,r(tl, t2) (7)

Thus, we have proved Equation (2).
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This analysis shows that when two quantum gates are applied at
different times and operated on the same qubit, they are regarded
to be equivalent.
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