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1. Beam arrival time monitor 

A Beam Arrival time Monitor (BAM) system was proposed by DESY (Hamburg, Germany) 
to measure the arrival time of the beam (Figure 1). In the framework of EUROFEL 
collaboration between DESY and Elettra (Trieste, Italy), a task of the Elettra team was created 
to develop the Clock Delay Module (CDM) as part of the overall beam arrival monitor system. 

 
Figure 1: Beam Arrival Monitor System 

The purpose of the CDM is to delay or shift the clock signal for ADC in time to synchronize 
it with the pulses, modulated by the beam pick-up signal. CDM should be able to 
electronically shift the phase of the clock by at least 360° at the frequency of 81MHz at the 
moment (108MHz in the future). The phase shift value at that frequency represents about 10ns 
of time delay, which could not be achieved by COTS (commercial off-the-shelf solutions). 
Thus we proposed and started to develop the clock delay module which is described in details 
in the subsequent chapters. 
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2. Clock Delay Module development 

Clock Delay Module is required for obtaining an optimal clock-to-signal synchronization. The 
proposal arises from some initial performance requirements listed in the table below. The core 
of CDM is a phase shifter, which should be able to shift the clock signal at frequencies 
between 50–250 MHz for at least 360°. It should be controlled by VME32 bus via two 16-bit 
DAC boards or by external controlling inputs. CDM has quite strong jitter requirements and it 
should satisfy different logical standard requirements for outputs levels. The proposed block 
diagram is depicted in Figure 2. 
 

Input frequency range Specific to phase-shifter implementation 
Time jitter at 108MHz < 0.5 ps rms, <10ps pkpk 
Time Steps at 108MHz <0.5 ps 
RF input nominal -20dBm 
RF input range -30dBm ... -10dBm 
RF input protection Yes, up to +20dBm 
RF monitor output 20 dB from input 
VME standard VME32 
DAC resolution 16 bits 
VME read access of I and Q settings Yes, with 16-bit ADC 
External I and Q input Yes, with jumpers (Lemo connectors) 
I and Q bandwidth DC – 20Hz 
Clock output levels LVPECL, LVDS, (CMOS) 
VME standard sized board  

Table 1: Clock Delay Module performance requirements 

 
Figure 2: Proposed block diagram for Clock Delay Module 
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2.1. Phase shifter implementation 
 
As mentioned before, the phase shifter (as the core of the clock delay module) should meet 
certain requirements regarding sufficient phase shift, timing jitter, voltage control and 
moderate costs and complexity. To meet the desired requirements we have proposed and 
investigated three different options for the phase shifter implementation: 

1. Tunable low-pass filter 
High-order low-pass filter with tunable amplitude and phase response resulting in 
phase shifting characteristic. It allows more than 360° phase shift in the frequency 
band approximately between 50-150MHz. 

2. Integrated vector modulator 
Analog Devices’ vector multiplier ADL5390 with Mini-Circuits’ 90-degree power 
splitter PSCQ-2-120 represent vector modulator. Bandwidth is limited by the power 
splitter to 80-120MHz. 

3. Discrete analog vector modulators 
Mini-Circuits’ MIQC-88M and MIQC-176M, respectively. Operation bandwidths are 
52-88MHz (MIQC-88M) and 104-176MHz (MIQC-176M), respectively. 

 
2.2. Digital controller implementation 
 
The block diagram of the digital controller is depicted in Figure 3. 

 
Figure 3: Block diagram of the digital controller. 

 
The CDM board is a mixed signal one, in the form of a VME32 slave module (no IRQ 
support) with A16 and D16 capabilities. The analogue section includes the clock-delay circuit 
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controlled by means of a digital interface. The digital section is built around a programmable 
logic device. The three fundamentals parts of the FPGA are the following: 

1. VMEbus interface (the upper bits of the addressing range of the board can be chosen 
by an external dip switch); 

2. buffer registers used to store 
a. the data exchanged with the ADC/DAC, 
b. the control bits needed for programming the devices; 

3. serial controllers of the ADC/DAC. 
The phase shifter can be driven by the DAC or by external signals (jumpers located on the 
board). In this way the control of the signal source for the phase shifter is manual: we have 
preferred this solution instead of another solution (for example multiplexers controlled by the 
VMEbus) to reduce noise impairments on the phase shifter input signals. 
 
2.3. Other parts and components of the CDM 
 
For the phase shifter and clock delay module, other components and subparts are also required. 
They are listed below with appurtenant components' part numbers chosen for our solution: 

• Limiter for stable phase shifter output level  ON Semiconductor NB7L216 
• RF transformers for single-ended to differential transformation, required at the 

input/output of the NB7L216 chip  Mini Circuits TCx-1T (BW 5-300MHz) 
• Level converter or clock distribution circuit to assure proper logic levels at the CDM 

output (LVPECL, LVDS and optionally CMOS)  Analog Devices AD9514 or 
AD9515 

• 16-bit Digital to Analog Converter (DAC)  Analog Devices AD5764CSUZ (Quad 16-
bit, ±1-bit INL, DNL) 

• 16-bit Analog to Digital Converter (ADC)  Analog Devices AD7656 



 7

Phase shifter implementations 

2.4. Phase shifter as a tunable low-pass filter 
 

 
Figure 4: Block diagram of Phase shifter with low-pass filter 

Phase shifter realized with tunable high-order low-pass filter consists of an input 
amplification stage, a low-pass filter itself and output limiter. Input amplification stage is 
made of low noise MMIC amplifier INA-10386 and two attenuators (-10db and -3db) which 
altogether assures around 10dB of gain. 
Tunable low-pass LC filter consists of inductors, capacitors and varactors. Current realization 
consists of 4 identical 13-order low-pass filters resulting in overall filter order of 52, as shown 
in Figure 5. Filter is biased by BIAS voltage 0...10V, that changes effective capacitance of 
varactors and consequently the filter characteristics - amplitude and phase response. Phase 
response change results in the phase shift of incoming signal. 
Output limiter assures constant output signal amplitude and shape and is realizing with ON 
Semiconductor's NB7L216 chip. It delivers RSECL output signal logic levels. 
 

 
Figure 5: Block diagram of the 52-order tunable low-pass filter 

 
2.4.1. Phase shifter design 

Figure 6 shows an electrical schematic of the phase shifter, consisting of input amplification 
stage, tunable low-pass filter and output limiter. Corresponding PCB designs for all three 
stages respectively are shown in Figure 7. In the current realization (shown in Figure 8), low-
pass filter is made on 0.5mm thick Rogers R4003 laminate, while amplifier and limiter are 
made on the 0.5mm thick FR4 laminate. 
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Figure 6: Electrical schematic of the phase shifter realized with tunable low-pass filter 

 

 
  

a) b) c) 

Figure 7: PCB design of a) amplification stage, b) low-pass filter and c) limiter 
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a) 

 
b) 

Figure 8: Phase shifter realization; a) housing with input and output connectors and shifting knobs, b) 
boards realization 

 
 
2.4.2. Preliminary measurement results 

a) Low-pass filter amplitude and phase responses 

Amplitude and phase responses of the low-pass filter (without amplification stage and limiter) 
for different BIAS voltages were measured. They are shown in Figure 9 to Figure 12 for two 
different BIAS voltages. It can be seen that cut-off frequency increases with the BIAS voltage 
increase. With cut-off frequency changing also phase response of the filter is changing 
resulting in phase shifting at the certain frequency. Figure 10 and Figure 12 show that phase 
at the 108MHz changes for 360° with BIAS voltage change from 2.1 to 5V. 
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Figure 9: Amplitude response @ bias voltage U = 2.1V 

 
 

 
Figure 10: Phase response @ bias voltage U = 2.1V 
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Figure 11: Amplitude response @ bias voltage U = 5.0V 

 
 

 
Figure 12: Phase response @ bias voltage U = 5.0V 
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b) Phase shifter phase noise 

Phase noise of the overall phase shifter was measured at input frequency of 100MHz. For 
comparison phase noise of the signal oscillator itself and signal oscillator and phase shifter 
together was measured at different powers of oscillator signal POSC. 
From the figures below it can be noticed that jitter increases with input signal power decrease. 
Although the phase shifter output power is always the same owing to the limiter, lower input 
power probably adds noise in the previous stages. From the Figure 15, it is seen that jitter also 
increases with decrease of BIAS voltage or in other words with filter cut-off frequency 
decrease. This is due to decrease of amplitude response at the observed frequency (see Figure 
9 and Figure 11). 
Since our input clock signal power requirements are between -30 and -10dBm, we would 
probably need more amplification in the input stage and higher cut-off frequency filter. 

 
Figure 13: Phase noise @ POSC=10dBm 

oscillator

oscillator + phase shifter (Umax)
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Figure 14: Phase noise @ POSC=-10dBm 

 
Figure 15: Phase noise @ POSC=-15dBm 
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2.5. Analog Devices’ ADL5390 Phase Shifter 
 
 
Using commercially available IQ multiplier ADL5390 from Analog Devices, IQ modulation 
is possible using an additional 90-degree signal splitter. Figure 16 shows a block diagram of 
the test implementation of the phase shifter, operating in the frequency range from 80MHz to 
120MHz, limited by the bandwidth of the power splitter. The DAC drives the IQ multiplier 
directly by differential I and Q signals for the best performance. The LVPECL and LVDS 
outputs are transformed to a single-ended signals and AC-coupled for the direct connection to 
the phase-noise measurement equipment (Agilent SSA). 
 

 
Figure 16: Block diagram of the ADL5390 phase shifter 

 
The test PCB of the ADL5390 phase-shifter implementation is made on a 4-layer board for 
the best high-frequency performance. The DAC is not on board the ADL5390 PCB. 
 

    

Figure 17: PCB layers of the ADL5390 phase shifter 
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Figure 18: Electrical schematic of the ADL5390 phase shifter - IQ modulator 
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Figure 19: Electrical schematic of the ADL5390 phase shifter - Level converter 
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2.6. Mini Circuits’ MIQC Phase Shifter 
 
 
Commercially available IQ modulator MIQC from Mini Circuits is used. Figure 20 shows a 
block diagram of the test implementation of the phase shifter, operating in the frequency 
range from 52MHz to 88MHz for the MIQC-88M, limited by the bandwidth of the MIQC 
device. The DAC drives the IQ modulator using a low-noise operational amplifier. The 
LVPECL and LVDS outputs are transformed to a single-ended signals and AC-coupled for 
the direct connection to the phase-noise measurement equipment (Agilent SSA). 

 
Figure 20: Block diagram of the MIQC phase shifter 

 
The test PCB of the MIQC phase-shifter implementation is made on a 4-layer board for the 
best high-frequency performance. The DAC is not on board the MIQC PCB. 
 

    

Figure 21: PCB layers of the MIQC phase shifter 
 



 18

 
Figure 22: Electrical schematic of the MIQC phase shifter - IQ modulator 
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Figure 23: Electrical schematic of the MIQC phase shifter - Level converter 
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3. Test control circuit for the phase-shifter circuits 

For testing purposes, control circuit using PIC16F876A microcontroller and Digital to Analog 
Converter AD5764 was developed in the first phase of development instead of the VME-
controlled circuit. It will allow evaluation of the performance of the ADL5390, MIQC and 
low-pass-filter phase shifters using various test software for the PIC microcontroller. 

 
Figure 24: Electrical schematic of the control circuit using PIC and DAC 

 
a) b) 

Figure 25: PCB layers of "DAC & PIC" board; a) top and b) bottom 
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For the control circuit implementation Microchip’s PIC16F876A microcontroller and Analog 
Devices’ AD5764 DAC are used. The PIC could be reset by the TL7705 and is 
reprogrammable via RC6 and RC7 inputs using RS-232 connection to the PC. Unused PIC 
inputs/outputs can be optionally exploited via on-board pins. DAC's analog outputs VOUTA 
to VOUTD are used to control the phase shifter. A low-noise external voltage reference for 
the DAC (ADR445 or ADR423) is used. 
Electrical schematic of the control circuit and its corresponding PCB design are shown in 
Figure 24 and Figure 25. 
 


