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Terahertz Communication in 6G
• Transceivers for 
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spectrum in 6G 
applications
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The CrossLink Instrumentation

Fig. 1. Photograph of the laboratory setup.

[5]. Related to this, further quality measures like bit error rate
(BER) can be derived [6].

A. Functional Setup
Three key novelties are at the heart of the novel

measurement setup:
• The cascade of a wideband up-converting mixer

(CCU) [7] with a directional coupler in the custom
frequency extension unit (VCA) in the respective
waveguide bands;

• The combination of synchronous signal analysis in the
time and frequency domain;

• Repetitive test signals to enable vector averaging,
wideband stitching, noise floor reduction.

Fig. 1 shows a photograph of the measurement setup,
whose functional components are depicted in the block
diagram of Fig. 2. The CCU up-converts the wideband
modulated signals centered at a low intermediate frequency
which are generated in an arbitrary waveform generator
(AWG). In our setup, the AWG is capable of using up to
43 GHz of analog bandwidth. In doing so, the CCU distorts the
signal and degrades the EVM of the excitation signal, while
up-converting the signal to an RF frequency band of interest.
The source calibration can be done in two ways: inline and
offline. For inline calibration, which can be performed without
interfering with the DUT connection, the VCA is used to
down-convert and analyse the input signal injected into the
DUT by the time domain signal sink, and a predistortion can
be applied to the AWG in order to calibrate the signal for
minimum EVM at the CCU RF output, i.e. the DUT input
plane. This inline calibration also accounts for the effects of
impedance mismatch between CCU output and DUT input.
To do so, the VCA includes, as shown in the simplified
block diagram of Fig. 3, the standard narrow-band capabilities
of vectorial network analysis, as well as an ultra-wideband
interface for injection of the complex modulated signals. To
measure the distortion, we calculate the required predistortion
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Fig. 2. Block diagram of the novel measurement setup containing a VNA
controlled AWG used for demonstration of the calibration of wideband
modulated signals in W- and H-band. Custom frequency extension module
(VCA) and commercial frequency extension (VNAX), as well as the compact
up-converting mixer (CCU)[7], are available for both frequency bands. The
calibration planes 1 and 2 used for the measurement are highlighted in red.

coefficients and send a modified waveform to the AWG, using
a state-of-the-art four-port vectorial network analyser (VNA)
with an additional functionality of software-based built-in
spectrum analysis and time domain analysis from a built-in
multiprocessor system on a chip (MPSoC). While there are
no limits to the waveform length in theory, in practice the
optimum results occur with waveforms in the range of 1µs
to 200µs. The waveform length (in samples) is roughly the
same as the number of symbols in the waveform, and for
high bandwidths, even a very short waveform can have a large
number of samples (e.g. 20 GBd will have 4 million symbols
at a waveform length of 200µs). Thus fully standard compliant
signals are often modified as the typical AWG cannot support
these very large number of samples. The combination of a
spectrum analyser and oscilloscope with a common time base
is an alternative. Frequency-domain analysis is possible from
the baseline vectorial network analysis with controlled and
variable power levels. Thus, the setup can be used for inline
conventional VNA measurements. For offline calibration,
a state-of-the-art conventional frequency extension module
(VNAX) is used to down-convert the signal and analyze it
using offline digital signal processing.

Thus, terahertz transceivers and their functional building
blocks such as RF transmit and receive amplifiers can be
characterized with calibrated, known, wideband modulated
communication signals in the RF domain.

B. Measurement configurations
A four-port VNA with a bandwidth of 43.5 GHz is used

as an analyzing system and for time-coherent LO generation.
The VNA controls the AWG by calculating and uploading
the waveforms and adjust the amplitude levels of the output.
The VNAX is used as analyzing extender. A reference clock
of 100 MHz synchronizes both instruments, which increases
the analyzing and demodulation performance of the software
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Custom Frequency Extention Unit (VCA)

Table 1. Measured EVM performance and band power for the W-band amplifier at different interface positions and calibration levels.

Interface 1� uncal Interface 1� cal Interface 2� cal from 1� Interface 2� cal

1
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↵
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0.
35

EVM 13% EVM 1.3% EVM 4.5% EVM 0.6%
-8 dBm -8 dBm 6 dBm 6 dBm
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↵
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-4.5 dBm -5 dBm 9 dBm 9 dBm
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no sync
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no sync no sync
no sync EVM 1.2% no sync EVM 0.9%
-4.5 dBm -5 dBm 9 dBm 8 dBm

performing the vectorial signal analysis. The novel VCA
module is connected to the VNA as a conventional frequency
extender and it will behave as such for conducting a standard
narrow-band vectorial network analysis. The major difference
compared to a VNAX is the wideband input of the VCA
module, which is passed through to the test port compared
to the FE. A simplified block diagram of the VCA is shown
in Fig. 3. To provide broadband signals to the VCA, the
CCU module is used. Since the CCU generates upper and
lower sidebands, a waveguide bandpass filter can be inserted
in between to suppress either the lower or the upper sideband.

The described setup, as it is shown in Fig. 2, is
implemented for extended W-band (67 – 110 GHz) and H-band
(220 – 330 GHz).

Depending on where the calibration plane shall lie, it
is possible to calibrate the modulated signals at several
planes, e.g., before or after an additional power amplifier as
shown with calibration planes 1 and 2 in Fig. 2, respectively.
Calibrating after the amplifier is useful, e.g., if an increased
overall output power is required in the measurement setup to
drive DUTs into compression.

III. W-BAND AMPLIFIER CHARACTERIZATION

As a case study in W-band, a GaAs-based power amplifiers
is used as a DUT, operating at partial W-band 68 to 90 GHz.
A center frequency of 77.5 GHz was set to apply two different
symbol rates of 1 and 4 GBd results according to equation 1
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Fig. 3. Simplified block diagram of the VCA module, offering standard
narrow-band vectorial network analysis capabilities in conjunction with the
analysis of ultra-wideband complex modulated signals.

in a analog RF bandwidth of 1.35 and 5.4 GHz, respectively,
while applying a root raised cosine filter with an roll-off
factor of 0.35. The modulation format is varied from simply
QPSK with 2 bit/s/Hz spectral efficiency to 256-QAM with
8 bit/s/Hz. Around the center frequency the amplifier achieves
a small signal gain of 15 dB, a saturated output power of
20 dBm and an output-related 1-dB compression point of
17 dBm. Table 1 compares the uncalibrated to calibrated
constellation diagrams and the EVM for QPSK and 256-QAM
at different calibration planes. The first column corresponds
to an uncalibrated back-to-back connection of the frequency
extenders without DUT in between. The second column shows
the corresponding signals with calibration applied, enabling
dedicated characterization of signal impairments caused by the

Full-band through path

RF test signal injection

VNA 
measurements
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The CrossLink Instrumentation
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Fig. 1. Photograph of the laboratory setup.

[5]. Related to this, further quality measures like bit error rate
(BER) can be derived [6].

A. Functional Setup
Three key novelties are at the heart of the novel

measurement setup:
• The cascade of a wideband up-converting mixer

(CCU) [7] with a directional coupler in the custom
frequency extension unit (VCA) in the respective
waveguide bands;

• The combination of synchronous signal analysis in the
time and frequency domain;

• Repetitive test signals to enable vector averaging,
wideband stitching, noise floor reduction.

Fig. 1 shows a photograph of the measurement setup,
whose functional components are depicted in the block
diagram of Fig. 2. The CCU up-converts the wideband
modulated signals centered at a low intermediate frequency
which are generated in an arbitrary waveform generator
(AWG). In our setup, the AWG is capable of using up to
43 GHz of analog bandwidth. In doing so, the CCU distorts the
signal and degrades the EVM of the excitation signal, while
up-converting the signal to an RF frequency band of interest.
The source calibration can be done in two ways: inline and
offline. For inline calibration, which can be performed without
interfering with the DUT connection, the VCA is used to
down-convert and analyse the input signal injected into the
DUT by the time domain signal sink, and a predistortion can
be applied to the AWG in order to calibrate the signal for
minimum EVM at the CCU RF output, i.e. the DUT input
plane. This inline calibration also accounts for the effects of
impedance mismatch between CCU output and DUT input.
To do so, the VCA includes, as shown in the simplified
block diagram of Fig. 3, the standard narrow-band capabilities
of vectorial network analysis, as well as an ultra-wideband
interface for injection of the complex modulated signals. To
measure the distortion, we calculate the required predistortion

Fig. 2. Block diagram of the novel measurement setup containing a VNA
controlled AWG used for demonstration of the calibration of wideband
modulated signals in W- and H-band. Custom frequency extension module
(VCA) and commercial frequency extension (VNAX), as well as the compact
up-converting mixer (CCU)[7], are available for both frequency bands. The
calibration planes 1 and 2 used for the measurement are highlighted in red.

coefficients and send a modified waveform to the AWG, using
a state-of-the-art four-port vectorial network analyser (VNA)
with an additional functionality of software-based built-in
spectrum analysis and time domain analysis from a built-in
multiprocessor system on a chip (MPSoC). While there are
no limits to the waveform length in theory, in practice the
optimum results occur with waveforms in the range of 1µs
to 200µs. The waveform length (in samples) is roughly the
same as the number of symbols in the waveform, and for
high bandwidths, even a very short waveform can have a large
number of samples (e.g. 20 GBd will have 4 million symbols
at a waveform length of 200µs). Thus fully standard compliant
signals are often modified as the typical AWG cannot support
these very large number of samples. The combination of a
spectrum analyser and oscilloscope with a common time base
is an alternative. Frequency-domain analysis is possible from
the baseline vectorial network analysis with controlled and
variable power levels. Thus, the setup can be used for inline
conventional VNA measurements. For offline calibration,
a state-of-the-art conventional frequency extension module
(VNAX) is used to down-convert the signal and analyze it
using offline digital signal processing.

Thus, terahertz transceivers and their functional building
blocks such as RF transmit and receive amplifiers can be
characterized with calibrated, known, wideband modulated
communication signals in the RF domain.

B. Measurement configurations
A four-port VNA with a bandwidth of 43.5 GHz is used

as an analyzing system and for time-coherent LO generation.
The VNA controls the AWG by calculating and uploading
the waveforms and adjust the amplitude levels of the output.
The VNAX is used as analyzing extender. A reference clock
of 100 MHz synchronizes both instruments, which increases
the analyzing and demodulation performance of the software
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Calibration Reference Planes
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W-Band Calibration @ 77.5 GHz
Waveform: QPSK 1 GBd, 𝛼 = 0.35(*)

CCU VCA DUT VNAX

1 2

EVM = 13%
PRF = -8 dBm

EVM = 1.3%
PRF = -8 dBm

EVM = 4.5%
PRF = 6 dBm

EVM = 0.6%
PRF = 6 dBm

1 2uncal 1 2cal 1 2cal from1 2 cal1 2

DUT impairments DUT pre-distortionCCU impairment correction

(*) roll-off factor 
digital pulse-
shaping filter
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W-Band Calibration @ 77.5 GHz
Waveform: QPSK 4 GBd, 𝛼 = 0.35

CCU VCA DUT VNAX

1 2

EVM = 27%
PRF = -4.5 dBm

EVM = 3.8%
PRF = -5 dBm

EVM = 14%
PRF = 9 dBm

EVM = 1.2%
PRF = 9 dBm
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W-Band Calibration @ 77.5 GHz
Waveform: 256QAM 1 GBd, 𝛼 = 0.35

CCU VCA DUT VNAX

1 2

EVM = ---
PRF = -8 dBm

EVM = 0.6%
PRF = -8 dBm

EVM = 3%
PRF = 6 dBm

EVM = 0.3%
PRF = 6 dBm

1 2uncal 1 2cal 1 2cal from1 2 cal1 2

no sync
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W-Band Calibration @ 77.5 GHz
Waveform: 256QAM 4 GBd, 𝛼 = 0.35

CCU VCA DUT VNAX

1 2

EVM = ---
PRF = -4.5 dBm

EVM = 1.2%
PRF = -5 dBm

EVM = ---
PRF = 9 dBm

EVM = 0.9%
PRF = 8 dBm

1 2uncal 1 2cal 1 2cal from1 2 cal1 2

no sync no syncEVM correction improvement
at higher signal levels
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H-Band Calibration @ 300 GHz
Waveform: 64QAM 1.6 GBd, 𝛼 = 0.25

CCU VCA DUT VNAX

1 2

EVM = ---
PRF = ---

EVM = 1.9%
PRF = -30 dBm

EVM = ---
PRF = ---

EVM = 1.6%
PRF = -9 dBm

1 2uncal 1 2cal 1 2cal from1 2 cal1 2

no sync no syncEVM correction improvement
at higher signal levels
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H-Band Calibration @ 300 GHz
Excitation: QPSK 16 GBd, 𝛼 = 0.25

CCU VCA DUT VNAX

1 2
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EVM = 22%
PRF = -28.5 dBm
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PRF = ---

EVM = 35%
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1 2uncal 1 2cal 1 2cal from1 2 cal1 2

no sync no sync
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Conclusion

Novel CrossLink instrumentation offers versatile platform for the 
characterization of transceivers and transceiver components 
dedicated to 6G wireless communication
• Realized in W-band and H-band
• Custom VCA unit for Inline time and frequency domain 

characterisation
• Inline calibration of wideband complex modulated 

communication signals at DUT input and DUT output


