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Overview
Engineers turn to multi-antenna techniques to achieve diversity, multiplexing, or antenna gains. 
Through these gains, the wireless systems can increase the receiver’s robustness, data throughput, 
and signal-to-noise ratio (SNR). Multi-antenna RF systems use a common local oscillator (LO) 
distributing to multiple channels. Testing multi-antenna systems requires a test system capable 
of providing multiple signals and a constant phase relationship between the signals. However, 
a commercial signal generator has an independent synthesizer to upconvert an intermediate 
frequency (IF) signal to an RF signal. Further, using commercial signal generators to simulate multi-
channel RF systems may result in some phase errors between the signal generators. Engineers must 
minimize such errors to accurately characterize the systems.

In Part 1, we explored multi-antenna techniques and their test requirements. In addition, we 
discussed how to synchronize multiple baseband generators and tips to minimize the LO’s phase 
difference between signal generators. To revisit Part I, download Part 1.

For some applications, such as beamforming systems and component characterization, test signals 
must be coherent and have a specific phase relationship. This requires signal generators to have 
a phase-controllable capability. In this paper, you will learn how to configure a phase-coherent 
and phase-controllable test system. We will start with the concept of phase coherence and why it 
matters.
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What Are Phase-Coherent and Phase-
Stable Signals?
Two signals are coherent if they have a constant relative phase at all time, as shown in Figure 1b. 
Coherent signals are relevant because when they present together, they will combine constructively 
or destructively depending on their relative phase. Having the same frequency does not necessarily 
mean signals are phase-coherent, even if they match in  precise frequency. This is because 
uncorrelated phase noise and phase drift between the signals will cause their relative phase 
relationship to vary over time.

For coherent test stimulus, not only do you need to have phase coherency between stimulus 
channels, but also to be able to control  the phase angle relationship precisely (Figure 1c). In 
addition, phase coherency requires the RF carrier to  simulate a variety of communication systems, 
multi-path effects (Figure 1d), and the timing synchronization between multiple baseband generators 
that was discussed in Part 1. Similarly, radar pulses require precise timing of the pulse bursts to 
simulate the appropriate spatial delays and trigger-able pulses appear in Figure 1e.

Phase varies

a. Non-coherent signals

b. Coherent signals

c. Controllable phase relation

d. Configurable modulation

e. Trigger-able pulses

Adjust phase

Precision timed

Figure 1. The phase relation between two signals
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The difference between coherent signals and non-coherent signals is not zero or one. Signals can be 
partially coherent if the relative phase instabilities are small enough. Coherence is a statistic between 
signals (X and Y); calculate it using the formula below:

Where:
 ρ = coherence
 E = expected value operator 
 μ = average value
 σ = standard deviation
 σXY = covariance of signal X and signal Y 
 X = signal X
 Y = signal Y

The result (ρXY) is a number between zero and one. The value nearing 1 over a given observation 
period is phase-coherent signals. A result of greater than zero, but less than 1 represents phase-stable 
signals. The test requirements of multi-channel systems are either phase-coherent or phase-stable 
test systems. Next, we will look at how to set up a phase-stable and a phase-coherent test system.

Phase-Stable Test System: Use Common 
Frequency Reference
The simple way to achieve a degree of phase stability between signal generators is to lock the 10 MHz 
frequency references of multiple signal generators. The stability of reference-locked instruments is 
dependent on the performance of the instrument that you use and the errors resulting from phase 
drift and phase noise.

Phase drift

Although the signal generators’ synthesizers track against the same time base, they have separate 
internal oscillators, each has phase-locked loops (PLL). This results in each signal generator having 
phase drift that is independent of the other. Most of the time, the drift will track out within the 
constraints of the loop bandwidth (PLL’s loop filter) and the tracking ability of the generator’s 
synthesizer. Typically, the frequencies are well within the loop bandwidth and the tracking performs 
well. However, the synthesizer cannot track out higher-order responses completely.

Understanding and Testing Multichannel RF Systems with Signal Generators – Part 2    |    4

http://www.keysight.com


In multiple-input multiple-output (MIMO) systems, slow phase drift between channels is less of an 
issue, so measurement channels that share a common frequency reference can deliver acceptable 
performance. However, for phase array or  beamforming antenna systems, engineers must consider 
phase drift over time. The drift will cause a poor antenna beam pattern.

Phase noise

The uncorrelated phase noise contributes to the phase error between reference-locked signal 
generators. Inside the loop bandwidth of PLL, frequency reference dominates the phase noise. 
Outside the loop bandwidth, the PLL’s oscillator determines the phase noise.

High-performance instruments offer superior phase noise, lower residual frequency modulation, and 
better phase drift specifications. Choose options with improved phase noise or precision reference 
stability that can minimize phase errors. However, this only provides limited phase stability between 
multiple signal generators.

Phase-Coherent Test System: Share a 
Common LO
A simple way to minimize the sources of coherency error is to use a common LO among multiple 
signal generators. Figure 2 represents two Keysight N5182B MXG vector signal generators (VSG) 
set up for a phase-coherent test system. The LO of the top signal generator is  taken out split and 
input as the LO (red lines) for both signal generators. The RF paths of  the two signal generators are 
fully coherent now. In the right of Figure 2, you see the phase difference between the two signal 
generators is less than one degree.

Be aware of the LO drive level when the number of channels increases. Splitting the LO output to 
accommodate more channels causes a loss of the LO inputs driving level. For example, the MXG LO 
input drive level should be in the 0 to 6 dBm range, and the LO output range is from 0 to 12 dBm. For 
a four MXG-setup, splitting the LO output four ways causes too much loss to drive the LO input of the 
MXG. You need to use a dedicated signal generator as an LO and a 4-way splitter to distribute the LO 
signals to the four MXGs.
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Figure 2. Setup for two phase-coherent RF channels with a common LO

Baseband synchronization

Next, you need to synchronize the baseband generators with triggering and a common reference 
time base which appears in Figure 2. Connect the orange line for a common 10 MHz reference clock 
and the green line for baseband triggering. For details on how to synchronize baseband generators, 
refer to Part 1.

When baseband generator synchronization is running, the alignment error will be within a value of 
±8 ns. You can reduce this error further by measuring the time difference between the signals and 
adjusting the I/Q delay illustrated in Figure 3. I/Q Delay compensates for any latency between the 
event output signals (marker signals) and the RF output. The second signal generator has a time 
delay in Figure 4.

Caution 

All cables from the splitter output to the instrument inputs should be of equal lengths.

All test equipment requires a warm–up period to ensure accurate performance.
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 Figure 3. I/Q Delay of the second signal generator is set to 20 ns

Figure 4. An oscilloscope measures the time delay between the two synchronized signal generators

Time and phase shift correction

Even if you are using a shared LO, there will still be some static time and phase skew between 
instrument channels. The static time and phase variations are due to cables lengths and connectors. 
The delays or phase shift skews the phase relationship between the channels. You need to correct 
these offsets and ensure the measured differences are from the device under test, and not from the 
test system. To correct the offsets, you need to measure the channel-to-channel magnitude and 
phase differences  across the frequency band.
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Direct comparison

For a multi-channel signal generation system, we can output a known reference signal on each signal 
generator and feed it to a multi-channel oscilloscope (Figure 5). Then, compare and  calculate the 
channel-to-channel time and phase differences with the oscilloscope’s built-in tools.

VSG 1

VSG 2 4-ch
Scope

VSG 3

VSG 4

Figure 5. Traditional VSGs’ timing alignment with an oscilloscope

For a timing delay, you can adjust baseband “I/Q Delay” to align the baseband signals; for phase 
shift, you can adjust baseband “I/Q Phase”. The “I/Q Phase” rotates the relative I/Q plane so that the 
phase of RF output signals aligns (Figure 6).

Figure 6. y adjusting the baseband I/Q Delay and I/Q Phase, you can align two modulated RF signals
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Simplify Calibration Setup with Special 
Waveforms
When the number of channels increases, the complexities of the calibration setup grow. You may 
need two or more synchronized oscilloscopes to measure the time differences. An easier method is 
to run a special waveform on each signal generator and feed it through a passive combiner (Figure 
7). You only need to use one vector signal analyzer if you employ this method. Corrections may 
include time delays and phase shifts between the master VSG and the other VSG.

VSG 1Primary

VSG 2
4-way

combiner
Vector signal

analyzer
VSG 3

VSG 4

Figure 7. Multiple VSGs and timing alignments with a single vector signal analyzer

Keysight offers a simple reference solution to automate this process which speeds the calibration 
process and reduces test cost. The software measures the time and phase differences between 
multiple VSGs, adjusts the I/Q Delay (second), and I/Q Phase (degree) in each VSG in Figure 8.
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Time
delay

Phase
shift

Figure 8. Correction tools measure time and phase differences between multiple VSGsSummary

Figure 9 shows a four-channel LTE-A beamforming antenna pattern with and without corrections. The 
main lobe appears deformed in the left of Figure 9, and the side lobes are greater than they should 
be before applying the corrections. In the right of Figure 9, the main beam is much more prominent 
after applying the correction.

Uncorrected Corrected

Figure 9. The phase shift impacts on an antenna beam
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Configuring multi-antenna test systems with multiple signal generators is straightforward, but you 
need to consider the requirements of timing synchronization and phase coherency between the 
generators. Also, you need to correct the channel delays and phase shifts between the generators if 
the test application is phase-dependent, such as with beamforming or phased-array antennas.

Phase-Coherent Test System: Direct 
Digital Synthesis
Direct digital synthesis (DDS) produces an analog waveform by generating a time-varying signal 
in digital form and then performing a digital-to-analog conversion. DDS architecture provides an 
optimal path to low phase noise and fast frequency switching speed, along with extremely fine 
frequency tuning resolution.

Figure 10 shows a block diagram of DDS which includes an accumulator, a memory with a look-up 
table, a digital-to-analog converter (DAC), and a low pass filter. The goal is to accumulate the phase 
of the desired wave signal and take the corresponding value for the output signal out of a look-up 
table. The phase accumulator’s increment appears in such a way that the natural overflow of the 
used data type indicates the end of the signal period. At the end of the process, there is a filter to get 
an accurate signal form.

Phase
accumulator

Look-up
table

D/A
converter Filter

Figure 10. Structure of DDS

Using a sine wave as an example, DDS maintains a fixed phase relationship between its output 
for each frequency. The synchronization requires an initial clock alignment using a common 
reference clock (Figure 11). Synchronous reset (green line) to the phase accumulator can achieve 
phase alignment. Apply this reset on every frequency update. The synchronous reset of the phase 
produces a fixed and repeatable phase relationship for each channel.
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Figure 11. Shared reference clock for two DDS units

New DDS signal generators such as the M9484C VXG microwave vector signal generators provide 
up to four coherent channels in one instrument with a time alignment of < 10 ps without touching 
any hardware. You can easily configure the coherent multichannel VXG for non-synchronized 
(Independent) or synchronized (2 Tx Coherent) baseband generators as shown in Figure 12. The 
VXG allows you to increase the number of channels using multiple VXGs with Keysight’s advanced 
synchronization.

Figure 12. Easy setup for various multichannel signal generation use cases
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With a high degree of precision and frequency reference clock, DDS offers better phase noise 
performance and phase-coherent signals at high frequencies than traditional signal generators. 
In addition, it reduces the time you spend on configuring and calibrating multiple-channel test 
systems. Figure 13 shows an M9484C VXG vector signal generator supporting up to 4 synchronized 
and phase-coherent channels in one box, and more than 32 channels in multiple instruments with 
Keysight’s advanced synchronization.

Figure 13. An M9484C VXG signal generator with 4 RF channels for multichannel applications

With an advanced high-speed DAC, M9484C VXG’s DDS can generate RF signals up to 8.5 GHz direct 
from the 14-bit DAC without images. The direct RF DDS architecture eliminates signal impairments 
resulting from the analog I/Q modulator such as gain imbalance, timing skew, quadrature skew, DC 
offset, and phase noise. This new signal generation solution delivers the best signal dynamic range, 
especially for wideband signal generation.
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Conclusion
As multi-antenna technology matures and the demand for diversity, multiplexing, and antenna 
gains grows, test systems require tightly aligned channels for accurate tests. When performing 
characterization, you will need special signal simulation capabilities to accurately recreate the 
operational environment. Namely, you must create signals in such a way that they will coherently 
combine to simulate their real-world behavior.

In this white paper, we discussed the test challenges for multi-antenna systems and the reasons you 
need coherent test systems. We outlined key differences between phase-stable, phase-coherent 
systems, and phase-adjustable coherent systems. In addition, we illustrated how to synchronize 
multiple baseband generators and set up a phase-coherent system with a common LO and DDS.

Keysight offers a complete products and solutions portfolio for multi-channel RF testing. For more 
tips on making better measurements, visit the RF Test blog. For more information about Keysight 
signal generators, visit www.keysight.com/find/sg.

Keysight enables innovators to push the boundaries of engineering by quickly solving design, 
emulation, and test challenges to create the best product experiences. Start your innovation 
journey at www.keysight.com.
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