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Introduction

Network operators continue to advertise that they can provide fastest data rates and 
best coverage. How will they make good on their promises as use-cases such as high 
definition video streaming during your commute become more commonplace?

Evolving 4G technologies are pushing the boundaries of network capability. 5G 
technology is already being investigated and developed to accommodate end-user 
desire for even more data and bandwidth intensive tasks. 

One key enabler to help the network meet data hungry users is the evolution of 
antenna design. Multi-antenna array techniques are evolving and the use of MIMO and 
high order MIMO capability is becoming an integral part of meeting these new user 
requirements. To keep pace with demand, Network Equipment Manufacturers (NEM’s) 
are developing solutions with 8x8 MIMO using beamforming and even 16x16 MIMO 
configurations, not yet written into the 3GPP Standards.

MIMO and phased array technologies can provide networks with an enhanced 
capability for increased data throughput and high data integrity through path 
diversity, spatial multiplexing and beamsteering/beamforming techniques.

Path diversity provides data robustness by negating localized fading in the channel. 
Spatial multiplexing can provide either higher throughput for a single user or higher 
capacity for more users. Beamsteering or beamforming provides a very directional 
transmission beam to a specific user, improving the signal strength and SINR 
dramatically.

This white paper focuses on the calibration methods required for a multi-channel 
test-receiver to effectively characterize and visualize the MIMO and beamforming 
performance of next generation communications transmitter designs. 
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Test System Considerations for Multi-Antenna 
Characterization

Beamforming is not a new technology, and has been widely used in radar, seismology 
and acoustics for decades. In wireless communications, the directional transmission 
is achieved by applying phase and amplitude offsets between elements in an array to 
produce spatial selectivity. The constructive (i.e., in phase, coherent) signals add and the 
destructive (i.e., out of phase) signals null, providing spatial selectivity and directivity.

Beamsteering is implemented by adjusting the relative phase at each antenna element, 
with constructive and destructive interference of the transmitted wave front forming the 
desired beam pattern. As such, MIMO and beamforming set tight requirements for multi-
channel transmitter implementation. The signal at each antenna element needs to be:

 – Phase coherent
 – Of known amplitude
 – Of known phase
 – Time-aligned

With these starting conditions, MIMO signals can be predictably steered in the direction 
of the intended receiver.

Any variation in magnitude and phase between test equipment measurement channels 
can greatly impact the test system’s multi-channel measurement performance. Without 
calibration, there will be a greater uncertainty in the measurement results, making it 
difficult to identify and resolve any underlying issues. Even small differences between 
the cable lengths or connection integrity in any test system will create additional delays 
or phase shifts that will modify the phase relationship of stimulus signals between 
channels and affect the measurements. Hence, before characterizing antenna designs, 
you must first characterize the test system. 

Ultimately, the goal is for all the test system’s measurement channels to be aligned 
in amplitude, phase and time at the device under test (DUT) so that only the signal 
of interest from the DUT is being measured, not any channel to channel variations 
present in the test equipment or in the extensive fixturing typically used in these test 
configurations.

Simply buying measurement equipment is not sufficient to guarantee accurate and 
repeatable measurement performance. System developers will be aware that, to 
characterize their designs, they first need to characterize the measurement system. 
For a multiple channel application with a high channel count, and intricate connectivity 
and tight measurement tolerances, this quickly becomes a complex and specialist task. 
Designing and validating the test system can take months, slowing up the real task of 
characterizing the RF and beamforming performance of the transmitter.
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Figure 1 is an example simulation of a beamformed output from an 8x8 phased array 
antenna, where measurements and beam plots have been made with test equipment 
and fixturing which has not yet undergone any user calibration. When you apply your 
transmitted signal, you can see the uncorrected transmitted signal has deformed main 
lobes relative to one another, decreasing SINR and spatial efficiency. 

Figure 1. 8X8 Phased Array Antenna 3D beamplot using an uncalibrated measurement system.

Question: So how do you know if the malformed beams are showing your true antenna 
performance or simply their interaction with the uncalibrated measurement system?
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In Figure 2 the test equipment was characterized and the measurement receiver path 
channel-to-channel optimizations were applied, the transmitted beam pattern is now 
as expected with phase coherency across all 64 channels, providing a more uniform and 
expected beam pattern for each lobe as designed.

There are two main steps in the test system characterization that must performed.

The first step in measurement receiver calibration is to perform a single channel 
calibration to characterize a selected master channel for amplitude and carrier phase 
flatness for a desired bandwidth across the intended band of operation. 

The next step in measurement receiver calibration is to perform a cross-channel 
calibration across the other channels in use. For each channel, relative to the 
selected master channel, a relative amplitude, relative phase and relative time delay 
measurement compared to the master is characterized.

Once you have built your measurement system, how can you perform these required 
calibrations and what do you do with the results?

Figure 2. 8X8 Phased Array Antenna 3D beamplot using a calibrated measurement system.
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Single channel RX calibration 
To calibrate the reference or master channel of the multi-channel receiver, we must use a 
reference source to stimulate the measurement receiver.

However, to calibrate the master channel of the multi-channel receiver at frequencies up 
to 6 GHz with a bandwidth of only 160 MHz, which is a typical setup for LTE and LTE-
Advanced technology antenna development, this step is generally not needed. 

A 160 MHz bandwidth is a relatively narrow and linear region of a quality measurement 
receiver’s full bandwidth, and is expected to provide a suitably flat amplitude and phase 
flatness response. If you do not know the quality of your measurement receiver across 
this relatively narrow bandwidth, you can use the multi-channel calibration utility to 
control the narrowband source and receiver to perform this calibration step.

To calibrate the master channel at frequencies between 6 GHz up to 40 GHz with up to 1 
GHz of measurement bandwidth at the receiver, we need to use a Keysight U9391F Comb 
Generator as our reference source. Comb generators generate frequency harmonics at 
integer multiples of an RF input signal and can provide excellent amplitude and phase 
flatness for the combs across a wide bandwidth allowing you to flatten the amplitude 
and phase for wideband signal generation at RF, microwave and mm-Wave frequencies. 

The multi-channel calibration utility sweeps the source and receiver hardware across the 
desired test band and uses the Keysight 89600 VSA software to measure the IF response 
of each channel of the receiver.

The multi-channel calibration utility then calculates optimization coefficients needed to 
compensate for the non-flat IF frequency response of the receiver master channel and 
flatten out any unwanted phase and amplitude variations present. 

Once these optimizations have been calculated, the calibration utility creates an 
optimization file and utilizes the Keysight 89600 VSA software functionality to apply a 
user-defined equalization filter for this channel. When using the 89600 VSA software to 
make measurements in this channel to characterize your phased antenna array designs, 
the receiver response is already compensated for and is not part of the measurement 
results providing a reference plane calibration at the DUT.
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Cross channel RX calibration 
Once you have a calibrated reference/master channel in your receiver, you then need 
to characterize channel-to-channel variations between the master channel and each 
of the other receiver channels either due to the required fixturing and connectivity in 
the measurement path of the receiver channel or just the existing channel-to-channel 
variability present in all measurement receivers (e.g., due to LO phase noise or electrical 
path variations).

The cross-channel calibration requires a wide bandwidth capable source. The Keysight 
receiver calibration utility controls a precision arbitrary waveform generator (AWG) and 
E8267D Performance Signal Generator (PSG) combination as the stimulus source.

In the cross-channel calibration, the multi-channel calibration utility controls the 
required signal source hardware and receiver in synchronicity with the 89600 VSA 
software to automatically make measurements of channel time delay, phase and 
amplitude variations across the band relative to the master channel.

Through a power divider, the source signal is connected to both the master channel 
and another receiver channel. The 89600 VSA software then measures and compares 
one channel relative to the other. Once a channel has been connected and measured 
in combination with the master reference channel, the multi-channel calibration utility 
prompts the user to perform the next channel connection to the power divider for the 
next cross-channel measurement to be performed. This is done until the full number of 
channels have been measured. The master channel is always left connected to the same 
channel on the power divider throughout this process.

The connection steps can be done manually. Based upon the number of channel 
connections you have, this can take a significant amount of time, specifically because 
each connection must be tightened to the designated torque, measured, disconnected, 
and so on. Multi-channel phased array antenna design performance is very dependent 
upon phase and amplitude stability and accuracy so extra care must also be taken 
during this phase for all the connections in the receiver path

Once the variations present in the measurement system have been characterized, the 
multi-channel calibration utility then calculates suitable channel optimization values to 
be applied as a user-defined fixed equalization filter in the 89600 VSA software.

By utilizing a switch matrix and some RF combining hardware, with the Keysight 89600 
VSA software capability, you can potentially multiplex up to 64 different RF channels 
into an 8-channel measurement receiver. Note that the overall quality of the receiver 
optimizations will be determined by the quality of the power divider and switch matrices 
used in the hardware configuration of your measurement system. These measurements 
should be made with all the external fixturing and signal conditioning in place so that the 
calibration plane you can quickly and effectively create will be at the input and output of 
the device under test.

The Keysight Power Divider 11636x series is recommended for use in this application due 
to its phase tracking performance (±2 degrees) and wide frequency coverage.
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RX calibration utility
The multi-channel calibration utility, shown in Figure 3, uses a guided UI-based wizard to 
automate and guide you through the calibration process needed for your measurement 
receiver for both the single-channel and cross- channel calibrations.

The utility guides the required channel-to-channel connectivity; it then controls and 
sets up the measurement system to make the required measurement and calculate 
the required optimizations needed for each channel in the measurement receiver. The 
utility also offers the ability to load in the appropriate loss files for the power divider, 
used in the cross-channel calibration, which is then removed for the actual device 
measurements.

The multi-channel calibration utility allows you to measure and create optimization files 
for multiple bands, and when you are setting up your measurement system to test in a 
different measurement band, you can use the utility to load in the previously created 
compensation files. 

Figure 3. Keysight Multiple Channel Wideband Receiver Calibration Utility
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Example Multi-Channel Test Solution Configuration

Figure 4. Example Keysight Multi Channel measurement system

Figure 4 is an example 8 channel MIMO Measurement Solution, S5020A, supporting 
4G and 5G frequency bands up to 40 GHz. This solution covers both narrowband and 
wideband applications and includes the single-channel and cross-channel calibration 
source components used to calibrate the measurement system, including fixturing and 
accessories.

The solution includes the wideband calibration utility and the 89600 VSA software.
The example 8 channel system above can be modified to a 64-channel capable FD-
MIMO measurement solution by including a switch matrix and further system fixturing 
and cabling along with the 89600 VSA software. 

However, you must be aware that these extra system components can add extra system 
losses that may bring the measurement system out of its most linear region of operation. 
In these cases, some pre-amps (such the Keysight U7228F USB Preamplifier, 2 to 
50 GHz) may be needed at the receiver input to improve noise floor and dynamic range 
as appropriate.

Calibration sources

Cross channel source

Single channel

nel source

+

8 Channel measurement receiver
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Multi-channel MIMO beamforming test
The 89600 VSA software application supports up to 64 channel LTE-Advanced FD-MIMO 
beamforming applications using only an 8-channel receiver.

You can fully characterize the radiated beam patterns in full 3D per the 3GPP Adherent 
LCS coordinate system used in the 89600 VSA software. The 89600 VSA software 
includes standard demodulation measurements such as EVM, and capabilities such as 
markers and limit lines for ACLR and SEM measurements. 2D measurement analysis 
in both Azimuth and Elevation planes confirm that your phased array antenna pattern 
beam plots are as modeled. 

The plotted 3D beam pattern shown in Figure 5 is based on LTE/LTE-Advanced signals 
only. The beam pattern for an 8x8 phased array antenna includes the main broadcast 
beam and the UE beam simultaneously. The 89600 VSA software has the capability to 
measure and display PRB-based beam squint and display it on a per UE/PRB/TTI basis 
with both horizontal and vertical beam patterns.

The 89600 LTE-Advanced VSA software allows you to validate that your phased array 
antenna and beam steering algorithms work as designed.

Figure 5. 89600 VSA software showing a Full Dimension LTE Beamplot
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Summary

Spatial multiplexing and beamforming applications require tightly aligned channels for 
accurate test. Keysight provides measurement-grade wideband multi-channel source 
and analyzer solutions to test all aspects of your antenna designs. Adding the Keysight 
multi-channel calibration utility and 89600 VSA software capability into this system 
adds unique value by streamlining the required calibration methodology and reducing 
the time required to perform an accurate and repeatable test system characterization.

With the ability to focus on the true performance of your multi-channel array, you can 
move quickly through verification, with confidence that base station design goals are 
being met or exceeded.
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