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Introduction

A phase-locked loop (PLL) technique is widely used in today’s advanced 
communications and broadcasting systems, and PLL frequency synthesizers 
are an indispensable part of the system. Recent advances of higher data rates 
and more channels per unit of bandwidth have accelerated the need for higher 
performance PLL frequency synthesizers.

The requirements of modern PLL synthesizers are becoming stricter in terms 
of frequency stability, frequency switching speed, phase noise and reliability as 
well as in size, weight and power consumption. These constraints make PLL 
synthesizer design more challenging and time-consuming.

This application note tells you how to design and evaluate PLL synthesizers 
more efficiently. Examples also show how related PLL system components such 
as voltage controlled oscillators (VCOs), reference oscillators and frequency 
dividers/prescalers are characterized and evaluated.
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1. PLL Synthesizer 
Basics

A typical PLL frequency synthesizer consists of several key components, shown 
in Figure 1. Although pure digital PLLs have become popular in recent compact 
systems, analog VCOs and loop filters are still commonly used in many signal 
sources. Evaluating VCO performance is the first step toward designing a better 
PLL synthesizer. The second step is to design the optimal loop filter for lower 
phase/spurious noise and faster frequency transient response.

Figure 2 shows a simple model of a PLL including the transfer function G(s) of 
a loop filter. The total performance of the PLL (for example, frequency stability, 
phase noise floor, frequency switching time, and phase settling time) mostly 
depends on the reference oscillator phase noise, VCO phase noise, frequency 
divider noise floor, set-up time of the divider number, and loop gain including G(s).
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Figure 1 . Basic  bloc k diagram of a typic al PLL frequenc y synthesizer 

Figure 2 . Simple PLL model 
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Once the model (or each block) is identified, a simple design flow such as the 
one shown in Figure 3 is used to characterize all components and optimize the 
whole synthesizer design including the loop filter.

2-1. VCO characteristic parameters to be measured

A typical VCO is a three-port device that has a DC power supply port, a tuning 
(DC control voltage) port and a signal output port. Sometimes the tuning port 
and or output port may be differential. Therefore, in order to characterize a VCO 
you need at least 2 (low noise) DC sources and one signal analyzer which can 
measure power, frequency, phase-noise, and so on. You may need additional DC 
multimeters to accurately measure the tuning voltage and current consumption 
of the DC power supply.

Frequently specified or characterized VCO parameters are as follows:

1. Output signal frequency [Hz] at specified tuning voltage points  
– Tuning characteristic: output signal frequency vs. tuning voltage

2. Tuning sensitivity [Hz/V] 
– Derived from the tuning characteristic: (� frequency)/(� tuning-voltage) vs. 
tuning voltage

3. Output signal power level [dBm] at specified frequency points or tuning 
voltage points  
– Power level variation: output signal power level vs. tuning voltage

4. Phase noise [dBc/Hz] at specified offset frequencies from a carrier frequency 
– Phase noise spectrum: phase noise spectral density vs. offset frequency
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u
Zâ
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V yv Zg v Z_ gY \] â W l_ p _̂ vl_ g^ ] m\_ g[ Z̀_a s

€
v^

‹‰ Œ‰Š
f v la [ ỳ Y ` y
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mnô \_̂ g p nl_
u

^ \ X [ ` W Z gǹ ylr̂a b
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2-2. How to tame a free-running VCO

It is not easy to measure the phase noise of a free-running VCO accurately 
since the output frequency of the VCO under test always fluctuates even when 
the control voltage is ideally stable. The frequency fluctuation (often called 
frequency drift) causes signal phase instability called jitter (in the short term) or 
wander (in the long term) that may degrade the output signal quality of the PLL 
frequency synthesizer.

Figure 4 shows the frequency fluctuation of a free-running VCO as observed 
with a spectrum analyzer. 

The frequency fluctuation of the free-running VCO generates a large amount 
of phase noise measurement uncertainty as shown in Figure 5. The output 
signal frequency is supposed to be stable enough to take the phase noise mea-
surement. However, because phase noise measurements (especially at offset 
frequencies below 100 Hz) usually take a few seconds to a few minutes, it is not 
practical to keep the frequency at a sharp, fixed point during the measurement. 
Therefore, some kind of phase lock technique or drift cancellation technique 
should be used to overcome this difficulty.1

Figure 4. Drift of a free-running VCO at 1 GHz (for 30 seconds)  
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The E5052B uses a PLL (direct homodyne) method and a heterodyne digital 
frequency discriminator method to “tame” the frequency fluctuation of the 
free-running VCO under test. As shown in Figure 6, this simplifies the measure-
ment configuration for phase noise, amplitude noise, tuning characteristics and 
oscillator pushing characteristics. 

2-3. Tuning characteristics

Several tuning characteristics such as frequency, power level, consumption 
current and tuning sensitivity can be measured and displayed simultaneously 
by using the E5052B in the Freq & Power mode (see Figure 7). Each graph with 
markers is expandable to a full screen size for further analysis.

Figure 6. Measurement con�guration for testing a free-running VCO 

Figure 7. Frequency and power measurements 
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Figure 9. Filtering the measured spectrum 
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Random phase noise spectrum (in blue) and amplitude noise spectrum (in red) 
can be displayed on the same scale of dBc/Hz as shown in Figure 10. It should 
be emphasized that a traditional spectrum analyzer cannot separate both  
spectrums from each other, but the E5052B can distinguish the phase noise 
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2-4. Oscillator pushing characteristics
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ìÎ Ñ ÉÏ Ð éï æ ð ÉÊÅ ÊÄÆÅ Ê í Æ Ñ âÏ ÌÌ ËÈ Æ Å ÒÄÅÊè Î Ê Ð âÛ × ìÎ Ñ ÉÏ Ð é Ï Ñ Ê ñì ÅÊÑ Ñ ÊÍ Ï Ð äåãò í Ë ÐÍ ÏÑ

based on the calculation of � frequency/� supply voltage. Power level changes 
at the oscillator’s signal output, caused by the same factor, are sometimes 
called “oscillator (power) level pushing” and are expressed in dBm/V. However, 
this is not as common. 

Changes in the DC power supply voltage may be caused by some static offset 
(dispersion) around a nominal value or random noise with some ripples of 
particular frequencies. The former causes a shift in the frequency tuning  
characteristic and the latter results in some degradation of the phase/amplitude 
noise spectrum. If a VCO circuit has poor power supply rejection ratio (PSRR) a 
small amount of voltage fluctuation in a DC power supply may contaminate the 
output signal significantly.

����������������
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Figure 10. Phase noise and amplitude noise comparison  
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Figure 11. Oscillator pushing characteristics 
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2-5. Low noise DC sources are required for precise VCO 
characterization
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should also be very small (say less than 100 �Vrms).

It is important to suppress DC power supply spurious noise above 10 kHz 
because it is easier to discover low-level spurs (spurs that are uncorrelated to 
the spurs and ripples of the DC power supply used) in phase noise at the offset 
frequency range beyond 10 kHz, where random noise is usually diminishing. A 
proper low-pass filter is sometimes inserted to reduce the high-frequency noise 
of a poor DC power supply.

Figure 12 shows a typical example of the phase noise difference between a 
noisy DC power supply and a low-noise DC power supply used. The comparison 
of noise spectrum for both the DC power supply output and the oscillator output 
is shown in Figure 13. You can easily identify the similarity between the DC 
supply noise spectrum and the output signal phase noise spectrum from these 
figures. This information gives you some hints on how to reduce phase noise 
level by improving DC power supply noise.
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Figure 12. Impact of DC power supply noise on the phase noise spectrum 



JK

S LM NPQM NR PL NU VW X V PN V YZ [ L\ N] R X[ [W _̂ R ]Q [[W N QM [V̀P La bZ c [ e VR N a LQR Nf

L̂ X ` Va R X [N] QM [ LR N V ]Q [[W N RQ y a VW V P V [ V] PQ ` XW V] g] Nh X Nà^ La PL P eN R X [ [W ^
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Figure 13. Relation between phase noise and DC power supply noise 

Figure 14. Superimposing a ripple on Vs 
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Of course, the noise of a DC control voltage (tuning voltage) source must be 
restricted more carefully.

Because the E5052B has an extremely low noise DC control voltage source 
(about 1 nVrms/sqrt (Hz) at 10 kHz), additional noise-eliminating filters are 
not needed for most VCO tests. However, a high output frequency signal may 
leak through the tuning port of the VCO under test. When this happens, some 
high-frequency signal reflection may take place between E5052B’s DC control 
port and VCO’s tuning port due to impedance mismatch at both ends of the 
connection cable. This phenomenon consequently affects VCO’s output signal 
quality, in particular, frequency changes and power level changes.
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not used to operate VCOs or PLL synthesizers in the actual equipment under 
real-operating conditions. So, you will need to evaluate two characteristics in 
advance: the VCO operating using a low-noise DC power supply like E5052B’s 
and the actual DC power supply that will be used in the actual equipment.  
Then you can compare VCO’s performance both under the current operating 
conditions and under the potentially better conditions in regards to DC source 
noise.
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Figure 15. Example of an RF blocking �lter in the DC control path 



µ¶

2-6. Load-pulling characteristics
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Figure 16. Load pulling characteristic measurement (1) 
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Figure 18 shows changes in frequency, power level and DC supply consumption 
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Figure 17. Example of electronic line stretcher characteristics 

Figure 18. Load pulling characteristics 
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Figure 19. Load pulling characteristics measurement (2)  

Figure 20. Measured results using the method shown in Figure 19. 
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U W Connect a known level signal at the desired measurement frequency directly 
to the analyzer’s input. This is a reference level (A1 [dBm]).

2. Connect the same known constant level signal to the line stretcher’s input. 
The result includes line stretcher’s response (A2 [dBm]).

3.  X < Y C IG Z < :D [ P:U K: TV \] _̂ W ` J G> G > BJ < = Y CS; B C M BI=; > M<I I<> N C; > <

D C Y N <; >= B GC; ; << ] < ] W

a W Once the actual measured result of the power level (Ax [dBm]) is obtained, 
then use the transfer response compensation to determine the correction 
needed. (Ax+Ac)[dBm] is the compensated result. This simple compensation 
works well practically, although it does not provide the most accurate 
correction method.
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Figure 21. Simple transmission-loss calibration 
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same measured data that was used in Figure 20. In this case, E5052B’s user 
equation provides “PS=data+(8-mem)”, where “PS” is the user-defined function 
(to be displayed), “data” is the measured data (Ax), “8” is the reference power 
level [dBm] (A1) from the signal generator, and “mem” is the line stretcher’s 
response (A2). 

2-7. Harmonics and spurs

Harmonics and non-harmonic spurs in the VCO output signal are usually  
measured by a spectrum analyzer} ~
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2-8. Tuning delay and frequency settling time
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Figure 22. Corrected results using the same data as Figure 20 



 ¡

Figure 23 shows a typical configuration for a time response measurement. 
The External Trigger mode is used to minimize timing errors. An example of 
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response, power (amplitude) response, and phase response can be observed 
simultaneously. In this case, the rise time of the control pulse is less than 50 ns  
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Figure 23. Tuning delay measurement con�guration 

Figure 24. Example of a tuning delay measurement of an 850 MHz VCO 
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3. Frequency Divider 
Evaluation 

Figure 25. Residual phase noise in a frequency divider 
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N ��	 1 l 
	 � �� �� 	�� s noise floor (�residual) increases the reference signal’s 
phase noise (�i) equivalently.

If you want to evaluate the frequency divider’s residual phase noise at wider 
offset frequencies with lower sensitivity and less uncertainty, a 2-port residual 
noise measurement method is recommended. The 2-port method is outside of 
the scope of this application note, please refer to Keysight E5505A phase noise 
measurement system and related documents for more information.1

1. Refer to the “Literature References” section at the end of this document, numbers 5 and 6.

Figure 26. Phase noise example in a frequency divider (dividing by 4) 
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4-1. General topics on PLL design

A PLL frequency synthesizer is expected to generate pure (i.e. stable and clean) 
signals. After characterizing designed components and/or testing purchased 
components in a PLL system, such as the one shown in Figure 1, you will want 
to estimate the total performance of the PLL system.

In the first stage of the design, you might want to consider creating an appropri-
ate PLL model, probably a typical second-order model or a somewhat advanced 
third-order model. This assumes that each component works ideally as a linear 
small signal model with simple linear parameters. Among those components, 
the most flexible part of the system is a loop filter. The loop filter’s transfer  
function G(s) should provide an optimal trade-off among lower phase noise, 
lower/fewer spurs, and faster frequency switching response.

An ordinary PLL system has a structure that allows for some reference frequency  
signal leakage (the reference leak) from the phase comparator into the VCO 
tuning input port. This causes the PLL output signal to be frequency-modulated, 
and thus it generates some spurious signals. In designing a loop filter, it is 
important to minimize the phase noise spectrum near the carrier frequency 
while, suppressing unwanted spurs at the same time.

You must also remember to shorten frequency switching time when the 
frequency division ratio (L) is changed. The majority of the frequency switching 
time is PLL lock-up time unless PLL’s nonlinear behavior lasts too long. The PLL 
lock-up time or the phase settling time of the system is substantially affected by 
the loop filter’s characteristics. In general, setting a higher cut-off frequency for 
a loop filter (i.e. a smaller time constant) results in worse spurious noise levels, 
even though it enables the PLL to respond faster and the phase lock-up time 
becomes shorter.

4. Total PLL  
Performance Test 
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Figure 27. Calculation of residual phase noise  
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You would need many different kinds of test instruments to evaluate all the 
above parameters. This includes instruments such as a very high-speed 
frequency counter, an RF power meter, a modulation domain analyzer, a 
phase-noise test system, a spectrum analyzer, an accurate DC power supply, 
and a controller/PC (for controlling the PLL under test as well as all the test 
instruments). This is not only time-consuming but also results in less repeatable 
measurements resulting from multiple reconnects to the many different kinds 
of instruments listed above. In particular, the frequency transient (settling time) 
measurement as it is difficult to synchronize the measurement trigger with PLL’s 
frequency change in a sub-micro second range. 

‚ƒ „ …†‡ †̂‰ Š ‹Œ •Ž • Š• ‘’ ” „ Ž •Ž ••— „’ ™̃‡ š›— œ• • ž›— Ÿ ”•  ¡ ‹• „Š Ž • ¢£ ¤• ¥ „’

 „œ „’ ¦ œ¥ • §’ „̈ ‘ „• ”• ”• ‘ •œ „’ Š ¦ Ž ¥̃ ‹© „¡Ž • ©Ÿ ©‹’ „” œ ”• ‘• œ „’ Ž •© Ž •̃Ž’’ •¥ ¡Ž •©Ÿ

ƒ „ œ„’ • © •• „ ”• ‘ • œ„’ ª Ž ¤ƒ Ž Š„ •• ‹Š „ Ž •Ž • •— „’ ¦ Ž ¡Ž Š „¡Ž • © •• ‹Š „ Ž •Ž • •— „’ ¦ Ž • « š

•• ‹Š „ Ž •Ž • •— „’ ¦ Ž  • © ‘•Ž œ ‹• • ©•  Ž ‹• œ̃’Ž •Š ‹ „•œŸ Ž •Ž • •— „’ ¦ Ž •Ž’’ •¥ ¬ Š¤Ž •

Š¤ „” œ’ ‘   • • ‹ œ• ’ ¦ Ž • © œ¥ • ••¥ -noise DC sources in one box[2].

This instrument can reduce the measurement setup and measurement time 
significantly, making PLL performance evaluation faster and more reliable.  
It also enables measurements to be made of most parameters with minimal 
reconnection compared to the traditional way.

4-3. Frequency/power/phase transient measurements with 
the E5052B

Signal acquisition time and resolution in frequency measurements are mutually 
exclusive in general. The conventional PLL frequency transient measurement 
method (with a modulation domain analyzer, for example) is based on the oper-
ating principle of a frequency counter. In this method, the data sampling interval 
(which must be longer than the signal acquisition/gate time) and the measure-
ment frequency bandwidth (which is determined directly by the gate time) affect 
the frequency resolution. The potential problem that results from this limitation 
is that when you select a shorter sampling interval in order to capture faster 
frequency transient phenomenon the frequency resolution will be insufficient.

The E5052B combines a wideband type of counter with a narrowband type 
of counter, which enables it to capture fast frequency transient responses in 
the sub-micro second range with about 10 ns of time resolution or sub-Hz of 
frequency resolution. Therefore, even though the minimum time resolution 
and the minimum frequency resolution are not available at the same time, the 
E5052B offers 10 to 100 times better time and frequency resolution in transient 
measurements, compared to traditional instruments.
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Figure 28 shows a typical configuration for PLL transient evaluation. An external 
trigger signal (TTL level) is strongly recommended, but if a trigger signal is not 
available, the video trigger function inside the E5052B can be utilized with the 
proper setting. 

It is somewhat difficult to set an appropriate trigger mode and trigger zone at 
first when measuring parameter boundaries, unless you have some a priori 
information on the frequency transient. This is because the trigger point is a 
function of the time resolution (or span), frequency resolution (or span), and 
power level. You should set the wideband mode first, if possible, and then set 
the narrowband mode after viewing the whole transient response.

Figure 29 shows an example of how to set trigger modes and parameter zones. 
Note that the trigger point in the narrowband mode is not always synchronized 
with the trigger point of the wideband mode. Also, the external trigger point 
has about 0.2 µs uncertainty in repeatability due to the hardware (logic circuit) 
limitation.
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Figure 28. PLL transient measurement con�guration 

Figure 29. Trigger sources and video trigger modes 
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Figure 3 0 . PLL transient measurement (1 ) 

Figure 31. PLL transient measurement (2) 

�������� �

�������� �

���������
���
����������
���
�


��	��
������
���
�

��������� �

�������� �

�������� �
�������� �

���������� � ������ � �� �

�������������������

���������������

����
���


	���� 
 �� �

���������������

������������������� �������������������������
���

����
���
�����•
���

	���•�•
���

����
���

�•�	��•
���

����
���

	� •�•
 �� �

���������������



ã ä

åæçæ è éê ë ìíë î îï íðë ñ ò ðî ó òíë ôï òó òð î õ íö í÷ ñ øñ îù õ íð ÷ ò ôë òìô ø ìúï òû íøô í îñ ðü

îý ò ë îòö ï òëö ú ðë ò ú ì í þñ ÿ ò÷ í ð ÿ t� ó ú ÿô øí î úï ú ì í � � � ìï ò � ô òðõù ëù ðî ý òëñ � òï .

t ñü ô ï ò FF ñë í îùö ñ õ í ø ò � íóö øò úì í t� ó ú ÿô ø íî úï ï òë ö ú ðë ò îòë î õ ú ð ìñ ü ôï í îñ ú ð � í

ó òíëô ï ò ÿ ò � íóö øò ñ ë ë ý ú þð ñ ð t ñü ô ï ò F m. � úó ò ú ûòï ë ý ú úî ï òë ö ú ðë ò ñë ú÷ ë òï ûò ÿ

ñ ð îýñ ë õ íë ò ò ûòð îý úôü ý îý ò ñ ðö ô î ë � ô íï ò i þíû ò ñë í øó úë î ñ ÿò íø w þñ îý ð ú ú ûòï -
ë ý ú úî íî î ýò øòí ÿñ ðü òÿü ò íð ÿ îý ò îï íñ øñ ðü ò ÿü ò s.

�� �

����� �

� �� �� ��� �

������� �

�����
����� 

���� ��	� ��� �������� �

����
��� 
 ����������
����� ��	� ��� ��

����•������ �

�•� �
��� ��
����
 ����� �
�	••����•�� �

Figure 33. FM modulator response measurement con�guration 

Figure 32. Pass/Fail test of phase settling time  
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the phase noise characteristics of the free-running VCO, frequency divider, and 
stable reference oscillator, then the total phase noise characteristic of a PLL 
system can be easily estimated with a model[1],[3] and [4].

In addition to this kind of simulation or estimation, the E5052B provides an 
innovative way to optimize the “cut-and-try” process in loop-filter design; this 
is based on measured data. Using a full set of the E5052B’s capability (many of 
the measurement functions previously discussed in this application note) with 
intuitive screen operation, designers can easily measure the desired parameters 
back and forth, as shown in Figure 35. As a result, the E5052B enables designers  
to make their cut & try process the fastest possible for total signal source 
design and verification.
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Figure 3 4 . FM modulator response measurement 
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Figure 35. “Cut & Try” optimization for loop-�lter design 
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