/inritsu

Millimeter-wave Optical Network Analysis

Jon Martens

[Summary]

The desire for higher single-wavelength modulation bandwidths in optical networks requires
broader band RF characterization of components including electrical-to-optical (EO) and optical-to-
electrical (OE) converters and this is often done with microwave techniques. Extending these meas-
urements to the mm-wave regime, may require added attention to the measurement techniques,
uncertainties, and characterization processes.

1 Introduction

There has been no reduction in the desire for increasing
aggregate bandwidth in optical communications links. For
many years, the increase was mainly accomplished by mul-
tiplexing additional optical wavelengths (or other optical pa-
rameters) or changing modulation techniques but perhaps
not increasing the per-carrier modulation bandwidth. Re-
cently, there has also been a desire to increase each of these
modulation bandwidths which means increasing RF band-
widths on the electrical side of the system into the 100+ GHz
rangeV?. In turn, this pushes the RF characterization tools
for the optical conversion and other components into the
higher mm-wave regimes. This characterization may also in-
clude modulation domain measurements of purely optical
components as the bandwidths can start to interact with tra-
ditionally optical mechanisms.

Measurements of optical converters to mm-wave frequen-
cies will be explored here with a focus on changes happening
at higher frequencies. Subtopics include the calibration and
de-embedding steps, primary device characterization (to use
as transfer standards) and composite uncertainties. Exam-
ples will be considered, and the effects of changing device

media (in an RF connectivity sense) will also be presented.

2 Measurement approach

The main aim of network analysis with optical conversion
components is to evaluate the ‘channel’ impairments that an
information signal would experience during modulation and
demodulation steps. Usually, this is just done with the stand-
ard swept CW tone of a vector network analyzer (VNA) but,
if there are significant nonlinearities in play, an actual mod-

ulated signal could be used as well?.

With 100+ GHz of available modulation range in some con-
version components, a broadband VNA becomes are require-
ment and instruments reaching to 220+ GHz are available?.
The broadband aspect can be important as digital signals
normally form the information payload in these systems, so
it is a continuous bandwidth requirement from near DC and
not a banded one. Structure in the frequency response func-
tion, even at intermediate frequencies, could introduce bit
error rate or eye diagram issues. Because of the importance
of the response form, the calibration of the VNA can take on
added importance at the higher frequencies. This can be par-
ticularly relevant when the physical media are unconven-
tional (e.g., the modulator is excited with wafer probes, or
the detector is in a microstrip fixture).

Eye diagrams are important to assessing the effect of the
functional response and it is common to use the mm-wave
channel data (showing loss, phase slope and structure) to
compute the effect on a digital signal and this is also com-
monly done as part of the network analysis procedure. An
example eye diagram for a 56 Gbaud/s PAM4 signal travers-
ing a 145 GHz EO/OE path is shown in Figure 1 along with
a native response without the EO/OE system. Note that the
vertical scales in this figure are not the same, and net loss
was not compensated. The roll-off of the optical path was not
extreme to 145 GHz so the eye distortion was modest for this

signal.
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Eye diagrams of a 56 Gbaud/s PAM4 signal passing
through an EO-fiber-OE chain (measured to 145 GHz;

top) and the same signal just measured directly by the

Figure 1

same 145 GHz receiver (bottom). There is a change of
the eye shape with the optical path as the converters
had loss slope with frequency. No pre-emphasis or gain
correction was used for these measurements.
Typically, one wants to identify the behavior of a particu-
lar component (e.g., a modulator) and the use of character-
ized devices and de-embedding allows extract the response
of one component from that of the chain. The conversion be-
havior of one device (a photodiode for the discussion here) is
characterized in a traceable fashion and then this infor-
mation is propagated to other devices by de-embedding from
the composite measurement as suggested in Figure 2. In that
figure, the base VNA calibration puts the reference planes at
the RF inputs of the EO and OE devices so a Sz21 measure-
ment gives a picture of conversion losses and the optical path
between the converters. By de-embedding the now ‘known’
characteristics of one of the converters, the measurement re-
veals the characteristics of the other converter and those of
the optical path?®. Typically, only the transmission character-
istics of the OE are used so the loss and phase change of that
device are removed from the measurement. Since the EO-OE
chain is rarely bilateral, multiple match interactions be-
tween the two ports are not a problem and more complete de-
embedding methods offer little benefit.
That optical path between the converters may be negligible

in a loss sense but other characteristics may be relevant as will
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be discussed in a later section. An additional de-embedding step
can be used to reveal (a limited number of) optical path charac-

teristics (loss and group delay) once the converters are known.

VNA
Port 1 Port 2
VNA calibration
A / reference planes \
) 4 -k | ==
<> E/0 - O/E
LyA  fiber : fiber
| \ |
Possible de-embedding
reference planes
Figure 2 A typical measurement setup where an electrical VNA

calibration is performed to set initial reference planes,
and the de-embedding is used to remove EO and/or OE

converter effects (in a conversion loss sense).

3 Characterized OE devices

A high-quality characterization of one of the conversion de-
vices is needed to be able to solve for the other. This process
can start on either side but here we use the photodetector as
the basis as its stability over time is easier to quantify and the
bias dependencies are often weaker. The base characterization
is often done using electro-optic sampling (EOS)® where a
very narrow optical pulse (on the femtosecond scale, compared
to the expected picosecond-scale impulse response of the pho-
todiode) is used to excite the photodiode and the photodiode’s
output pulse is analyzed temporally. From a transform of that
output pulse, the frequency response of the photodiode is ob-
tained. An example pulse and frequency response curve for a
145 GHz photodiode obtained with an EOS process? is shown
in Figure 3. It is interesting to note that the frequency re-
sponse curve is not entirely monotonic. Internally, the photo-
diode has multiple mismatch centers on the RF side (including
the RF connector) and within the active region itself that can
lead to minor ripple. Importantly, this frequency response
structure is stable in time so the device can act as a transfer
standard. Also of note is that the phase of the frequency re-
sponse is also extracted, and this can be useful for evaluating
group delay distortions through the path or the device of in-
terest. The full phase function would have a steep slope corre-
sponding to the electrical length of the device and it is devia-
tions from a linear slope that are of primary interest and this

deviation is plotted in Figure 3.
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This primary electrical response can then be used to char-
acterize a modulator or other parts of the system, through
de-embedding, as was discussed in the previous section. This
process can then be extended by using a now-known modu-
lator/EO device to evaluate a new photodiode.

Time domain EOS response of photodiode
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Figure 3 The EOS impulse response of an example 145 GHz

photodiode is shown along with the frequency do-

main transformed responses (magnitude and phase).

The EOS fundamental process is extensible in bandwidth
so characterizing higher frequency diodes is possible. The la-
ser pulse widths available readily are not a limit (until at
least 500 GHz). The transmission structure for temporal
analysis is also readily doable to at least 220 GHz but, as
this is usually done on-wafer, it does bring in additional con-
siderations for the probe design and the calibration proce-

dure.

4 Uncertainty topics

The measurements of any of the components in the EO-OE
chain have a variety of uncertainty contributors. The most
direct is the VNA measurement itself and this purely electri-
cal measurement has been studied in the literature exten-
sively®1), The calibration process contributes some uncer-

tainty and receives much attention. Since many broadband
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modulators and detectors have significant RF mismatch (e.g.,
-5 dB above 100 GHz is not uncommon as of this writing),
the residual mismatch terms can be noticeable. Electrical
connection repeatability and drift may be important. Net-
work analyzer linearity can sometime play a role but typi-
cally the setup can be constructed (keeping RF signal levels
bounded at certain locations) so this is of minimal im-
portance. Since the conversion losses in many optical devices
are high, one may run into signal-to-noise limits in the VNA
measurement, particularly at low optical power levels. The
latter follows if one looks at the modulated optical signal as
in the sketch of Figure 4. If the optical power drops, the mod-
ulation sidebands will also generally drop in amplitude, and

this will directly reduce the power to the VNA receivers.

Peak A
modulation
depth

{
Al A

> Up to a few hundred GHz

Of order 100,000 GHz

Figure 4 Spectrum of the optical signal incident on the photo-

diode when measuring a conventional modulator.

One can see the result of this in composite EO-OE meas-
urements at three optical power levels as in Figure 5. Even
though the curve shapes are unchanged, they get closer to
the VNA noise floor (nominally —110 dB on this scale) so dB-
scale impacts are possible at —25 dBm optical power in this
example. Reducing the IF bandwidth of the VNA measure-
ment, using access loops (to reduce loss to the receiver) or
increasing RF power (up until linearity of the VNA or the EO
system are challenged) are all means to mitigate this.
Changes in the highest frequency structure are due to non-

linearities in this setup.

Composite OEEO 145 GHz response vs. optical power (out of
modulator)

——5dBm = ----- 3dBm

|s21] (dB)

Frequency (GHz)

Figure 5 Optical power impacts on measured EO-OE responses.

Compared to lower frequencies (<70 GHz), the broadband
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frequencies discussed do increase measurement challenges:

- A modest degradation of noise floor specifications (e.g.,
—100 to —110 dBm instead of =120 or —130 dBm)

- A worsening of connector repeatability and cable drift

- Anincrease in calibration-related uncertainties (which are
compounded in mixed media scenarios to be discussed)

The optical system itself may introduce additional uncer-
tainty terms including optical power stability, repeatability
and drift of the optical connections, and bias stability (of ei-
ther EO or OE components).

There is also the uncertainty in the characterization of the
primary converter used for the de-embedding process (usu-
ally traceable to a National Metrology Institute). Often, this
begins with the EOS process discussed in the previous sec-
tion and uncertainties include residuals from mismatch cor-
rection, finite bandwidths, and imperfections in de-embed-
ding steps®. An example characterization curve along with
uncertainty limits is shown in Figure 6.

Example EOS characterization of photodiode with reported uncertainties

Response (dB)

response
4 — — upper limit

=== lower limit

0 20 40 60 80 100 120
Frequency (GHz)

Figure 6 An example of a primary (EOS-based) characteriza-

tion of an OE (photodiode) device along with the up-

per and lower uncertainty limits.
The combination of these uncertainties can follow one of
the several established practices®- 1 and can lead to a better

understanding of when different terms are dominant.

5 Measurement examples

A simple example would be the characterization of an EO
modulator to 145 GHz. A photodiode characterized by EOS
to this frequency range was available and that EOS data will
be used for de-embedding. First, the VNA (Anritsu
ME7838D) was calibrated using a 0.8 mm coaxial calibration
kit. We would expect transmission uncertainties of 0.1-0.2
dB for higher signal levels and the noise floor of this instru-
ment is —100 to —110 dBm over most of the frequency

range!?. The photodiode characterization uncertainties, in
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this case and unlike Figure 6, were highest below 30 GHz
(increasing to 1 dB at the low end) and averaging 0.4 dB over
the higher frequencies.

Combining these uncertainty terms, one can end up with
a plot as shown in Figure 7. Because of the influence of the
VNA noise floor and the dependence on optical power, the x-
axis in in terms of detector signal level. For these measure-
ment with 3 dBm optical power into the detector, and given
the responsivities involved and the —10 dBm RF drive, the
received level will not be below =50 dBm. At high frequencies,
repeatability and VNA calibration residuals tend to domi-
nate while, at lower frequencies, initial photodiode charac-

terization is more important.
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Figure 7 A calculated uncertainty curve for the extraction of

an EO response to 145 GHz. This includes uncer-
tainty terms from VNA measurement, OE character-
ization, aspects of the optical setup and repeatability.

The composite response and the result after de-embedding
are shown in Figure 8. Both responses are normalized to 0
dB at low frequencies. In this case, the de-embedding had
only modest effects below about 130 GHz indicating the EO
roll-off was dominating the composite measurement. At the
higher frequencies, the OE photodiode had more roll-off on
its own (per the characterization), so the extracted EO re-
sponse shows more of a difference. The corresponding eye
(with a similar setup to Figure 1 but with a different normal-
ization) is in Figure 9 for the EO alone. One can see an eye
width reduction from that in Figure 1-lower as would be ex-
pected for such a loss profile.

At the higher data rates, there are cases where the band-
width characteristics of the optical components can contrib-
ute!®. One example is a polarization-maintaining fiber
where the two RF modulation sidebands on the optical car-
rier may see different phase velocities with the difference in-
creasing with modulation rate. When these sidebands re-
combine in the (nonlinear) photodetection process, the phase

difference can convert to an amplitude difference. The
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change in dispersion of the fiber can come with a connection
process, a change in mechanical stress applied or a seem-
ingly innocuous fiber substitution. An example is shown in
Figure 10 and has the appearance of a change in RF band-
width.

Composite and extracted EO response
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Figure 8 An example composite EO-OE response along with
the de-embedded EO result to 145 GHz.

i
4

Figure 9 The computed eye diagram response for the EO of
Figure 8 with a 56 Gbaud/s PAM4 signal into a 145
GHz system.
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Figure 10 An example showing how a change in fiber polariza-
tion dispersion results in a perceived bandwidth

change in an extracted EO device response.

6 Mixed-media complications
With higher levels of optical system integration (to include
the popular area of Silicon Photonics!#), this type of meas-

urement more often includes mixed media (e.g., one port is

probed on-wafer and another port may be fixtured or coaxial).

A sketch of such a setup is in Figure 11a. Not only is the op-
tical engineering more complex!® but the mm-wave calibra-
tion and de-embedding is more challenging and perhaps ele-

vates uncertainties.

Millimeter-wave Optical Network Analysis

There are several options on how to perform the network
analysis calibration:

(1) Perform the VNA calibration on-wafer and then em-

bed a probe’s or fixture arm’s characteristics (Figure
11b)
This can make use of standard on-wafer calibration
methods that are relatively well-understood into the
mm-wave range. There are issues (e.g., higher order
mode propagation on the wafer/substrate, coupling to
nearby metallized structures...)1® but the geometry is
at least controlled. Characterizing the probe/fixture
arm is critical and this network extraction problem
has been discussed extensively!”. The uncertainties
usually increase with frequency.

(2) Perform the VNA calibration coaxially and de-embed

probes (see Figure 11c)
At modest mm-wave frequencies (e.g., to 150 GHz),
this may be simpler as well-characterized coaxial cal-
ibration kits exist. The probe characterization chal-
lenge remains.

(3) Perform a hybrid calibration where two base calibra-

tions (e.g., an on-wafer calibration and a coaxial cali-
bration) are combined with the use of a single recipro-
cal devicel® (often a probe). See Figure 11d.
Here a portion of the error coefficients from two base
calibrations are combined with a reciprocal processing
step!® to form the calibration at the desired reference
planes. This is usually a lengthier procedure and can
be mechanically complex to execute. It does avoid the
need for separate probe characterization (or
knowledge of the probe’s characteristics from another
source).

All of these approaches add to VNA uncertainties, and the
ideal choice may depend on mechanical details of the setup
(e.g., how difficult to demount each probe or fixture arm).
Above 100 GHz, these additional steps may add a few tenths
of a dB or more of net uncertainty. From an electrical point
of view, the repeatability of the different connections is a fac-
tor as may be the mismatch of the EO and OE devices (.e.,
for the more mismatched device, repeatability and calibra-
tion uncertainties may have greater impact so more care on

that port may be warranted).

99 (5)



Anritsu Technical Review No.33 September 2025

Figure 11 A situation where one optical converter uses a differ-
ent RF media connection than the other (Figure 11a).
There are a number of different VNA calibration ap-
proaches to handle this (Figures. 11b-d).

7 Conclusions

The desire for increasing direct modulation bandwidths on
optical links has helped drive higher frequency characteriza-
tion methods for optical converters (and related devices) us-
ing broadband network analyzers and broadband primary
device measurements. At these higher frequencies, uncer-
tainties increase, the dominant terms may change, and new
ones may appear. As integration is also increasingly needed
at these frequencies, the measurement media also change
and can necessitate modified calibration and de-embedding

strategies.
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