
This document is owned by Agilent Technologies, but is no longer kept current and may contain obsolete or 

inaccurate references. We regret any inconvenience this may cause. For the latest information on Agilent’s 

line of EEsof electronic design automation (EDA) products and services, please go to:

www.agilent.com/fi nd/eesof

Agilent EEsof EDA

nstewart
Text Box
Design and Measurement of a 400 MHz Frequency Synthesizer: Accuracy Proof



 
 
       Eagleware  PN 12 
 

Design and 
Measurement of a 

       400 MHz Frequency 
       Synthesizer: 
       Accuracy Proof 
 
       Product Note 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Design, simulation and measurement of a frequency synthesizer using a National 

Semiconductor LMX1501 IC. 
 

 
 



  PN12 
  400 MHz PLL Design Example 
 
 

 November  2001 Eagleware Corporation 2

 
Design and Measurement of a 400 
MHz Frequency Synthesizer 
 
Synthesizer design is often a tradeoff 
between channel switching time, phase 
noise performance, and reference 
sideband suppression.  For this reason, 
deciding on the best loop bandwidth 
and phase margin for a particular 
design is not always a simple matter.  
Eagleware’s PLL program integrates 
traditional frequency domain analysis 
with true time domain transient 
simulation for quick evaluation of a 
variety of designs.  Phase noise plots 
show each component’s contribution to 
the total noise spectrum for easy 
identification of which blocks need 
improvement. 
 
In this product note, a frequency 
synthesizer tunable from 395 to 405 
MHz is designed.  The National 
Semiconductor LMX1501 synthesizer IC 
is used with the following specifications: 
 

• A channel spacing of 25 kHz is 
required; 

• An 8 MHz crystal oscillator is 
used for the reference; 

• A discrete bipolar LC VCO is 
used; 

• The phase margin should be at 
least 50° for guaranteed loop 
stability. 

 
Using the PLL program, it was decided 
that a loop bandwidth of 378 Hz gives 
the best noise performance for the 
experimental synthesizer, while 
maintaining an acceptable lock time of 
5 ms or less. 
 
Eagleware’s PLL program calculates 
integrator component values for the 
desired loop characteristics.  First, data 

for the pre-selected components must 
be input to the program.  All PLL input 
prompts are shown in Figure 1. 
 

 

Figure 1:  PLL Input Tabs 

 
Reference Oscillator 
A crystal oscillator was chosen for its 
ability to provide a stable, low noise 
reference signal.  In most synthesizers, 
the reference frequency is equal to the 
desired channel spacing.  Therefore, 
the internal reference divider in the 
LMX1501 was set to N=320, giving a 
final reference frequency of 25 kHz (8 
MHz÷320=25 kHz). 
 
The reference oscillator data is entered 
on the Ref tab (see Figure 1).  Since 
PLL does not include a reference 
divider, the frequency specified in the 
program is actually the divided 
frequency (25 kHz). 
Since the reference oscillator is divided 
inside the LMX1501 synthesizer IC, the 
final reference phase noise is not 
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measurable.  It was assumed that at 
low offsets, the divider noise floor is 
reached.  Therefore, a low frequency 
offset noise floor estimate of –155 dBc 
was made. 
 
Phase Detector 
 
The LMX1501 data is entered into the 
PD/÷÷ tab (see Figure 1).  The phase 
detector in this synthesizer is a charge 
pump phase/frequency detector, 
providing a current output.  In the 
experimental setup, the detector has a 
maximum sink/source current of 4.5 
mA.  The noise floor of the phase 
detector and feedback divider is 
estimated to be –155 dBc, the same 
value used for the reference divider. 
 
The logic “0” and “1” voltages in PLL 
are specified just inside the 0 and 5 volt 
LMX1501 supply rails used in the 
experimental synthesizer. 
 
The loop should be designed for mid-
band operation � 400 MHz for this 
synthesizer.  This places the feedback 
divider N at 16000. 
 
Integrator 
 
The integrator information in PLL is 
contained in the Filter tab (see Figure 
1).  A passive 4-pole integrator is 
chosen here for increased reference 
sideband suppression.  The component 
values calculated by PLL have been 
placed on standard values, and the final 
integrator schematic is shown in Figure 
2.  The 5.1 kΩ resistor and 10 nF 
capacitor form a pole at 3.1 kHz.  This 
is far enough outside the loop 
bandwidth (about 8 times) that it doesn’t 
degrade the phase margin excessively, 
but low enough to provide better close-
in selectivity than a third order loop. 

 

Figure 2:  Integrator Schematic 

 
Also on the Filter tab are the Loop 
Bandwidth and Phase Margin prompts.  
Notice that although the desired phase 
margin is 50°, it has been specified as 
60°.  The 5.1 kΩ resistor and 10 nF 
capacitor in Figure 2 are not included in 
the design of the integrator values.  The 
pole formed by these components is 
specified by the user as a multiple of 
the loop bandwidth.  If this pole is too 
close to the loop bandwidth, the phase 
margin can be degraded.  This can 
often be corrected by designing the 
loop for a higher phase margin.  For the 
experimental synthesizer, the number 
specified in the phase margin prompt 
was increased until an actual phase 
margin of 50° was achieved with the 
extra pole in place.  Since a design 
value of 60° was needed, we can 
conclude that the extra pole degrades 
the phase margin by 10°. 
 
VCO 
 
The VCO schematic is shown in Figure 
3.  The measured tuning range for this 
circuit is 384-422 MHz.  Measured 
tuning data and phase noise plots are 
shown in Figures 2 and 3, respectively.  
VCO data is entered in the VCO tab 
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(see Figure 4).  Tuning and noise data 
tables have been used to specify the 
measured VCO data shown in Figures 2 
and 3. 
 

 

Figure 3:  VCO Schematic 

 
Isolation resistors are often used to 
inject a voltage into a varactor tuned 
VCO.  When combined with the 
varactor capacitance and any isolation 
capacitance, this added resistance 
forms a lowpass RC pole.  The effect of 
this pole is to slow the VCO response to 
a changing control voltage.  This pole 
frequency (labeled “1/(2*pi*R*C)” in the 
VCO tab) is estimated to be 500 kHz for 
the circuit shown in Figure 3. 
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Figure 4:  Measured VCO Control Voltage vs. 
Output Frequency 
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Figure 5:  Measured VCO Phase Noise 
 
Simulation vs. Measured Data 
 
Simulation parameters are specified in 
the Sim tab (see Figure 1).  The 
simulated open loop gain and phase 
responses are shown in Figure 6.  
According to the figure, the actual loop 
bandwidth is about 375 Hz, and the 
phase margin is about 49.6°.  These 
numbers differ slightly from the design 
values, and can be attributed to 
changing the integrator components to 
standard values. 
 

 

Figure 6:  Simulated Open Loop Gain and 
Phase Responses 
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For transient analysis, the loop is 
switched between 395 and 405 MHz 
(N=15800 and N=16200) every 15 ms.  
Figure 7 shows the simulated VCO 
control voltage for initial lock, and 2 
switching cycles.  The simulation always 
starts at t=0, with each node set to 0 
volts.  This shows loop turn-on 
characteristics, and predicts behavior 
for initially acquiring lock. 
 

 
Figure 7:  Transient Plot of VCO Control 

Voltage Showing Switching Behavior 
 
In Figure 7, the loop starts with 
N=15800 (output freq=395 MHz), and 
acquires initial lock in about 3.3 ms.  At 
t=15 ms, N switches to 16200 (output 
freq=405 MHz), and the loop again 
aquires lock in about 5 ms.  At t=30 ms, 
N switches to 15800 and the loop 
acquires lock again in about 3.4 ms. 
 
Figure 8 shows a zoomed view of the 
VCO control voltage when switching the 
loop from 395 to 405 MHz.  Figure 9 
shows the measured control voltage for 
the same frequency switch.  The 
oscilloscope photo has a horizontal 
scale of 500 µs/division. 
 

 

Figure 8:  Simulated VCO Control Voltage 
(zoomed) for Switch From 395-405 MHz 

 

 

Figure 9:  Measured VCO Control Voltage For 
Switch From 395-405 MHz 

Figure 10 shows a zoomed view of the 
VCO control voltage when switching the 
loop from 405 to 395 MHz.  Figure 11 
shows the measured control voltage for 
the same frequency switch.  The 
difference in these waveforms is 
primarily in the undershoot area, and is 
due to negative current limiting in the 
synthesizer IC, which is not modeled in 
PLL.  This was later verified on the 
bench by switching from 405 to 400 
MHz.  The undershoot in this case was 
not severe enough to cause current 
limiting, and the lock waveform 
exhibited behavior closer to that 
predicted by the PLL program. 
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Figure 10: Simulated VCO Control Voltage 
(zoomed) for Switch From 405-395 MHz 

 

 

Figure 11:  Measured VCO Control Voltage 
For Switch From 405-395 MHz 

 
Figure 12 shows the simulated phase 
noise contribution due to each loop 
component, and the total sum of the 
noise sources.  The plot colors 
correspond to the colored descriptions 
at the bottom of the figure.  The red 
trace shows the total noise obtained by 
summing the other curves.  This curve 
corresponds to actual loop noise 
observable on a spectrum analyzer. 
 
Figure 13 shows the measured total 
loop phase noise vs. the simulated 
total.  The curves shown in Figure 13 
differ mostly for frequencies below the 

378 Hz loop bandwidth.  As can be 
seen in Figure 12, the low frequency 
phase noise contribution is primarily 
from the reference oscillator.  The 
author believes that the performance 
variation seen in Figure 13 is due to an 
inaccurate estimate of the reference 
phase noise contribution.  The original  
–155 dBc reference noise floor 
assumption was not sufficiently noisy at 
low offsets. 
 

 

Figure 12:  Simulated Phase Noise 
Contribution For Each Loop Component. 
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Figure 13:  Measured (Blue) vs. Simulated 
(Pink) Total Loop Phase Noise 
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Conclusion 
 
The PLL program is a powerful tool for 
design and analysis of a variety of 
single loop applications, such as: 
 

• Frequency Synthesizer 
• Phase Modulator 
• Frequency Modulator 
• Phase Demodulator 
• Frequency Demodulator 

 
The built-in simulation engine allows 
quick and easy determination of stability 
and noise performance, and provides a 
realistic prediction of lock-time and 
switching transients.  By entering 
measured phase noise of an existing 
PLL as the reference, cascaded 
synthesizer phase noise can be 
calculated.  This gives the engineer a 
powerfully effective tool for designing 
real PLLs. 
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