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Correcting lIRregularities

Curious about what qubit labs and meal planning have in common?
Learn how correcting IIR filter irregularities helps you with both!



http://WWW.QUANTUM-MACHINES.CO
mailto:INFO%40QUANTUM-MACHINES.CO?subject=

e

QUANTUM
MACHINES

The business of manipulating signals is right at the
core of qubit handling, and it is not trivial. Nature
has decided that all those little imperfections

that make life interesting also corrupt our perfect
electrical signals. Fortunately, since the Quantum
Orchestration Platform (QOP) relies on a digital

processor inside the OPX to generate pulses,

we have access to the power of digital filters to
help correct some of our misfortunes. If you're

a theoretician, you can forget about this and
move on with your carefree life. But if you're an
experimentalist like me, | am afraid you'll have to
tag along.

In general, the path our signals go through

to reach our qubits will introduce delays and
dispersion, distorting the shapes we send. It does
not matter how well you simulate the perfect

WHO BROKE MY SQUARE PULSE?

The main idea is to measure the effect of our path
towards the qubit, including all components, and
then pre-distort our perfect pulses to compensate
for this measured response. The major distortion
component often comes from one or two
elements, like bias-T, that we can disconnect

and measure separately. In this simple case, we
shoot a square pulse, read what comes out, and
then distort the input pulse until we get a square
pulse out. This is a simplification, but you get the
idea. In other cases, the components are many

or cannot be easily disconnected (e.g., inside the
fridge), so people use the cryoscopy technique to
monitor discrepancies in signals going through the
experimental setup.

Once calibration is done, you know that every time

you want to shoot a pulse, you have to distort it
in some calibrated way to compensate for that
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pulses if you don't account for setup frequency-
dependent response. This realization marks the
moment we ask ourselves if doing theory wasn't
the better option. In this blog post, we will strive to
avoid this question, and instead, we will discuss
how we deal with discrepancies and instrument
responses in correcting our qubit-control signals.

We use two main types of digital filters to this

end, both supported by the QOP. The first is Finite
Impulse Response (FIR) filters which are used to
correct signals with only knowledge of the input, so
a feed-forward operation. We discussed these in
this_FIR filters blog post, so check it out. The other

type is the Infinite Impulse Response (IIR) filters,
which modify signals depending on both input and
output, thus also performing feedback. Those are
what we focus on today.

component’s response. In the old days, like five
years ago (remember, time in physics research
moves ~25 times faster than regular time), people
used to load each and every corrected pulse and
sequence, point by point, into a wave generator
memory to perform experiments.

Today, we can leverage the real-time computation
of the QOP architecture to separate our sequence
design and the correction. Once the filters are
calibrated, you can forget about system response,
trusting that all signals will be corrected on the fly
just before leaving the OPX output. No hassle and
no memory issues. If we want to send a square
pulse to our qubit, the processor only needs two
numbers, amplitude and duration. Correction is
automatic. This freedom is as close as we will ever
get to doing theory.

WWW.QUANTUM-MACHINES.CO


http://WWW.QUANTUM-MACHINES.CO
mailto:INFO%40QUANTUM-MACHINES.CO?subject=
https://www.quantum-machines.co/platform/
https://www.quantum-machines.co/platform/
https://www.quantum-machines.co/opx+/
https://www.quantum-machines.co/blog/introduction-to-digital-filters-01-first-things-first/

e

QUANTUM
MACHINES

lIR BASICS FOR COOKS

IIR are the cool kids of the filters’ neighborhood.
In contrast with FIR, IR filters also imply a sort of
memory effect for outputs instead of just inputs,

so the output depends on the previous output. In
general, a filter can be written as:

y[n]=X"_a,y[n—m]+Y Kk=0bkx[n—Kk]

Where y[n] is the output in time and x/n] is the input.
k going from O to K refers to the indexes of past and
present inputs, while m going from 1to M refers to
indexes of past outputs. In our previous FIR post, we
introduced the term tap, which is just a coefficient
in Digital Signal Processing (DSP) terms. So a,,

and b, are the feedback and feedforward taps,
respectively. If the first term of the equation, which
depends on the past outputs, is not zero, then we
are talking about IIR filters. Hopefully, Figure 1 will
clarify this a little.

Fig. 1. Block diagram for FIR (top) and IR (bottom) filters.

Let’s try to go out of the math realm to understand
the difference between FIR and IIR. Let's say we are
cooking dinner—one dinner per day, seven days

a week. Every day we choose the meal to prepare
based on what's in our fridge. Until we go to the
store to buy more food, each meal decision will
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depend on what we have used as inputs in the
previous meals (do we still have carrots?). So we
need a memory of past ingredient usage. This
analogy explains the FIR filter setting when the
filter's output is an arbitrary combination of past
inputs.
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Continuing our analogy, there’s a giant broccoli
field just next to our garden. So while it's hard to
keep track of broccoli usage, we have plenty. With
our previous method, we might end up making
broccoli salad for weeks! Instead, we remember
what we have eaten previously, and add that
information to our considerations. So if over the
past few days we decided to have a broccoli salad,
we’ll factor in this output for our next decision, and
we might decide to avoid broccoli. For this, we also
need a memory of past outputs. And this is the
setting of an IIR filter.

Now, | will probably end up in the lowest circle of
the DSP Hell for the inaccuracies of wild cooking

FLUX LINES: CORRECTING OUR BIASES(-T)

In many quantum labs where qubits reside, we
use bias-T setups to combine DC and RF signals

in one line. This is often done for transmon qubits,
guantum dots, and others. In a bias-T (see Fig. 2a),
even if we assume infinite internal impedance of
the DC source (simpliﬁed version, but most often

metaphors. Nonetheless, | think stirring things up
could help us swallow the concept.
See what | did there?

For those more interested in technical stuff, IIR
filters allow us to model both zeros and poles in
the transfer function of our filter. The OPX+ has 3 IIR
filters in sequence before each DAC, each of which
has one tap and can be individually bypassed, so
from zero to three poles. If used, they add from 48ns
to 72nsin delay to all outputs, while allowing you to
correct even very long setup imperfect responses.
IIR filters are particularly well-suited for correcting
exponential decays, such as bias-T.

reasonable), the load and the capacitance act as
an analog RC first-order high-pass filter on the RF
input. So if we send a train of square pulses, this
gets distorted by passing through the bias-T (see
Fig. 2b).
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Fig. 2. a) Schematics of a bias-T. b) Example of what can be expected as signal distortion when providing square pulses to a

bias-T. ¢) Example of what a compensated input could look like for the same bias-T to obtain the necessary square pulse train

at the output.
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The correction can be done with an FIR filter, but

in case of a very long response to correct, we
would need to handle way too many taps (e.g.,
microsecond response times lead to thousands of
taps necessary for FIR). IR filters in cascade offer
an efficient alternative. This is slightly different
from having one IIR with many taps (as shown

for the general case in Fig. 1) but allows efficient

cumulative taps and reduces computation
overhead when dealing with multiple components.
Each IR feedback tap allows correcting for one
pole, hence one resistor-capacitor pair, one bias-T.

The case we have seen here is the so-called DC-
block. Just to give you an idea of how the math
looks like, its response function is provided by:

‘/Dut(s) _ ‘/Dut(s) _ SRIoadC

H(s)=

"~ Vu(s) Viu(s) 1+sR,.C

Which we can correct with its inverse Laplace transform (we use it to convert from analog to digital):

h(t)=L[H(S)](t)=5(t)-%e”TRCU(t)

So yay! We can calculate what correction our
square pulse train needs in order to actually be a
square pulse train after the bias-T. As we can see,
all that matters is the time constant of the resistor-

lIR FILTERS WITH OPX & QUA

Implementing IR (and FIR) filters in QUA is
straightforward and done in the configuration
file for analog outputs. The filter is applied

e
Waveform N FIR filter s oy IR filter*
Generation Varylng number 1tap
of taps

\

capacitor pair, and this can be measured or often
found in spec sheets. We show an example of how
this would look in Fig. 2c.

individually for each output and can be bypassed
if not necessary. The OPX+ has three IIR filters in
cascade, with one tap each.

* can be bypassed 1
N ! DC Offset
IIR filter* IIR filter* 4
) tap > 1 [Op - 5 To DAC

Fig. 3. Schematics showing the filter cascade inside the OPX architecture.

INFO@QUANTUM-MACHINES.CO | WWW.QUANTUM-MACHINES.CO



http://WWW.QUANTUM-MACHINES.CO
mailto:INFO%40QUANTUM-MACHINES.CO?subject=

QUANTUM
b MACHINES

By setting the taps, the filter is automatically configured to one of the following modes:

* Bypass mode — disables the filter and sets its output to be its input.
* FIR mode — supports M=0 and K=43.

* IR mode — supports M=1, K=36 OR M=1 2-times, K=29 OR M=1 3-times, K=22.

By setting the taps, the filter is automatically configured to one of the following modes:

2 (1,

:[0.5, -0.3, 0.1]}},

Adding a filter to any port will delay all analog pulses coming out from all ports and delay feedback
operations. The OPX synchronizes all outputs, so you don’t have to think about the relative time between
outputs. This default synchronization can be turned off for more advanced applications.

SUMMING UP

With its 44 FIR taps and the 3 IIR taps, reconfigurable and bypassable, the OPX+ covers virtually all

filtering needs of a qubit lab. It offers correction for zeros and poles of imperfect setup response
functions with the minimal latency between 44ns and 73ns, depending on the number of taps used.
You can set the OPX to bypass unused filters to completely remove latencies and keep the highest
performance. Once you finish with the filter settings, you can altogether forget about corrections. Each
output will be modified according to your configuration, and programs will remain filter-agnostic and
straightforward.

With this, we conclude our introductory series on digital filters. But stay tuned, as we will soon show
some great customer results demonstrating how people are using these DSP capabilities on their
setups. If you're interested in reading more or even finding some useful QUA code snippets, please visit
our GitHub repository for some interesting examples!
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The Quantum
Orchestration Platform

AN END TO END QUANTUM CONTROL SOLUTION TO DRIVE
THE FASTEST TIME TO RESULTS, AT ANY SCALE

RUN STATE OF THE ART EXPERIMENTS WITH EASE - - - - - -

An architecture designed from the ground up for quantum
control, the OPX+ lets you run the quantum experiments of your ‘
dreams right from the installation. With a quantum feature- U, -

rich environment, the OPX+ is built for scale and performance. '

Now, you can run the most complex quantum algorithms and
experiments in a fraction of the development time.

ACHIEVE THE FASTEST TIME TO RESULTS -----------------

Within the OPX+ is the Pulse Processing Unit, QM’s leading-edge
quantum control technology. Progress with incomparable speed
and extreme flexibility. Run even the most demanding experiments
efficiently, with the fastest runtimes and the lowest latencies in

the industry, including quantum protocols that require real-time
waveform generation, real-time waveform acquisition,

real-time comprehensive processing, and control flow.

CODE QUANTUM PROGRAMS SEAMLESSLY ------------ ‘

Implement the protocols of your wildest dreams as easily as writing s QUA T
pseudocode. Designed for quantum control, QUA is the first universal
quantum pulse-level programming language. Code even the most gy, W
advanced programs and run them with the best possible performance. i e
Natively describe your most challenging experiments, fromm complex : ) g g
Al-based multi-qubit calibrations to multi-qubit quantum error K

correction. _

*All of the information above is also valid for the OPX
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If you wish to learn more:
iInfo@guantum-machines.co

About Quantum Machines

Quantum Machines (QM) drives quantum breakthroughs that accelerate the
path towards the new age of quantum computing. The company’s Quantum
Orchestration Platform (QOP) fundamentally redefines the control and operations
architecture of quantum processors.

The full-stack hardware and software platform is capable of running even the most
complex algorithms right out of the box, including quantum error correction, multi-
qubit calibration, and more. Helping achieve the full potential of any quantum

processor, the QOP allows for unprecedented advancement and speed-up of
quantum technologies as well as the ability to scale into the thousands of qubits.

Visit us at: www.quantum-machines.co
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