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generate CW reference for LO generators

1. Introduction

The TFF1xxxx clean-up PLL demo board (CUP) is a platform designed to generate the required reference
signal (CW) for one of NXP LO generators from the TFF1xxxx range. Applicable products are:

TFF1003HN (for VSAT applications, 12.800 — 13.050 GHz)
TFF1007HN (VSAT applications, 14.75GHz)

TFF1008HN (VSAT applications, 14.275GHz)

TFF11xxx (frequency ranges from 7.0GHz till 15.2GHz)

For more details please refer to the appropriate datasheet and/or user manual for corresponding product
demo-board. Available user manuals are:

e UM TFF1003HN
e UM TFF1007HN, draft
e UM TFF11xxx, draft

Above mentioned LO generators include an “integer N PLL” with fixed divider ratio (HW programmable to
16, 32, 64, 128 or 256) hence require a reference signal in the range from 27MHz to 950MHz depending on
the applicable requirements.

Please note that the TFF100x/TFF11xxx reference signal properties depict directly the LO signal quality
with respect to frequency stability and spectral purity (phase noise).

Besides generating the required reference signal this demo-board also has the functionality to keep the
reference frequency in “frequency-lock” with an external reference clock as required for many VSAT block
UP converters (BUC).
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Fig 1. Clean-up PLL demonstrator with 203.90625MHz VCXO module
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generate CW reference for LO generators

Definitions / Assumptions

The TFF100x/11xxx series LO generators are intended to generate a fixed LO in the p-
wave frequency range. Making it programmable (within given frequency range) in one
application is outside the scope of this document.

For most of the examples in this document the VSAT application with 13.05GHz LO
locked to an external 10MHz clock is used, however the whole LO frequency range, and
corresponding reference frequency range, is feasible by this concept.

As this demonstrator is initially designed for VSAT applications the frequency tracking
range is limited, when more tracking range is required a suitable VCO should be
designed as this block is dominating the frequency tracking range currently.

Functional requirements for clean-up PLL

The clean-up PLL should generate required reference frequency with suitable level to
drive the TFF1xxxx demo-boards. This reference frequency should lock to an external
connected reference clock, target frequency 5MHz or 10MHz, level 0dBm typical, sine
wave (CW), source impedance 750hms.

The spectral purity of the reference frequency should be significantly below the TFF1xxxx
synthesizer noise floor, for VSAT p-wave application this is <-140dBc/Hz at 100kHz
offset.

The clean-up PLL should be capable of delivering any output frequency in the 27MHz to
950MHz frequency range.
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2. CUP Design Considerations

<DOC_ID>

2.1

Functional description

Main functionality for the demonstrator is to generate the reference for applied LO
generator, which worse case could be a sine wave or preferred a clipped sine wave (for
optimum phase noise properties steep edges are preferred).

This reference signal has to be frequency locked to applied reference clock (10MHz or
5MHz) by comparing the frequencies and generating an error signal. Since the required
reference frequency is not necessarily a multiple of the reference clock a kind of
“fractional N” PLL has to be implemented. Preferred architecture is such that the required
divider ratios can be easily modified (in software), and that the entire (possible)
frequency range can be covered in one concept.

2.2 Target specifications

221

2.2.2

First version of the demonstrator should be targeted for VSAT, TFF1003HN N=64
13.050GHz LO frequency, application. Later other reference frequencies should become
available (derived from the same concept). Required phase noise for VSAT BUC is —
95dBc/Hz at 100kHz offset.

Reference output
Output frequency: see table 1 for possible configurations, 203.90625MHz for VSAT BUC

Reference output phase noise: see section 3.2.3, for VSAT BUC typical —148dBc/Hz at
100kHz offset

Lock range: +/- 25ppm over entire temperature & supply range

We can differentiate two sets of requirements for Pout/Vout/Zout, one for the
demonstrator and one for an application that contains all functionality on one PCB:

Requirements for demonstrator platform

Output power: —10dBm < Pout < 0dBm

Output impedance: 50 Ohms to enable evaluations by coaxial cables
Requirements for one PCB LO generation platform

Output voltage: 100mVpp < Vout < 600mVpp

Output impedance: low, should be optimized to obtain maximum Vout to TFF1003
reference input (which is high 2Z).

Reference clock input

Input frequency: 5MHz or 10MHz (other frequencies possible by changing VHDL code)
Input level: 0dBm

Input impedance: 75 Ohms

Reference clock PN: <=-135dBc/Hz at 1kHz offset, <=-140dBc/Hz at 10kHz offset

DC supply requirements

Supply voltage: 5 Volts (on board 3.3V and 1.8V are generated to feed logic and VCXO)
Supply current: <150mA
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2.3 Architecture choice

In figure 2 we can see the basic block diagram for an integer N solution.

Basic Clean-up PLL block diagram

PFDt‘F’ .| 203.90625MHz Amplifier /
correction L VCO Splitter

voltage convertor

Y

———=x Reference out

Frequency
divider
(1305)

(156.25kHz)

Phase Freq
Detector

Sine to logic Frequency

EXT. CLK Input )Q_ signal convertor dl(\gg)er

A

Fig 2. Basic CUP block-diagram

Input for the CUP is the external system clock. This, 10MHz or 5MHz, CW signal is
converted to a logical signal and then divided and fed to the PFD. The main block is the
VCO from which the output frequency is also divided down to the same frequency as the
divided 10MHz reference. Then both are compared in the PFD and the PFD output is fed
into a block that converts it to a usable error-signal/control signal for the VCO.

For practical implementations the choices for the “logic” blocks are:
a) Implement every block in logic circuits;
b) Implement dividers and PFD in a (fractional N) PLL IC;
c) Implement dividers and PFD in a programmable logic device (PLD).

Option a) could be preferred for cost optimization but will be PCB space consuming and
not flexible. Option b) is a good alternative although it requires a logic device (i.e. PIC
processor) to program the PLL divider ratio(s) every time the application is switched on.

We have chosen for option c¢) as a good compromise between board space, flexibility,
BOM and power dissipation.
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2.4 Basic required building blocks

What are the required building blocks for the CUP? Each block will be briefly described in
the following sections.

2.4.1 VCO (or VCXO)

Because the VCXO/VCO functionality for the entire 7 — 15GHz frequency range, as
dictated by the TFF11xxx reference signal range, could not be met with one design it was
decided to implement a VCO/VCXO subassembly. This enables the user to test different
kind of VCO'’s on this platform. Output of this block is a CW signal, for example a clipped
sine-wave (CW), with sufficient phase noise (PN) to meet required LO PN. Inputis a
control voltage that set’s, within the required range, the fundamental frequency of the
VCO.

2.4.2 Amplifier converter for the external clock

The external clock could be a CW signal ranging for example from —10dBm till +5dBm
(500hms). This needs to be amplified/converted to a signal that can be taken as input for
the frequency divider.

2.4.3 Amplifier / splitter /converter for the reference signal

Depending on the output level and load capabilities of the VC(X)O additional
amplification might be required. Also the signal should be divided into two paths, one
towards the external reference input of applied TFF11xxx, the other towards the
frequency divider.

2.4.4 Frequency dividers

The VC(X)O frequency as well as the reference clock should be divided into a lower
frequency signal in order to be processed by the PFD. This can be a basic digital (binary)
counter. To accommodate the whole frequency range (7-15GHz) the maximum divider
ratio should be sufficiently large.

2.4.5 Phase Frequency detector

Required to obtain frequency lock between the reference and external clock frequency.
For most applications a frequency detector will also do the job.

2.4.6 PFD to correction voltage converter (loop-filter)

Depending on the PFD implementation the output signal (usually pulses) needs to be
converted to a control signal that can be used by the VC(X)O. Also the loop-stability
should be obtained by this circuitry.
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3. The NXP CUP demonstrator implementation

Demonstrator TFF100x/11xxx Clean-up PLL block diagram
Vvco
Vbuf Vpld 5V/3.3I/1.8V
EXT. CLK "
Ampl. Frequency error VCO Staky
Y Conv. PLD ignal REF, OUT
signa VCXO or VCO Attenuator 3
Reference ina/ S
< divid d PFD processing multiplier =
»| dividers an loopfilter amplifier oo
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DC input vpld
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——Vveo T T Rev. 22092010

Fig 3. NXP demonstrator’s block-diagram
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3.1 NXP’s CUP demonstrator implementation

In the NXP demonstrator implementation the VCXO works at a fraction of required
reference. The VCXO frequency is multiplied before it is fed into the LO generator
reference input. The VCXO signal and the reference clock are fed into a programmable
logic device (PLD). This allows various implementations of frequency dividers and PFD
by programming the PLD.

Choosing a PLD also has the benefits that it can run autonomously (no need for
programming the required divider ratios every time after start-up) and can be relatively
cheap.

Before the reference clock enters the PLD it is amplified and converted to a DC coupled
signal. This is required as the “zero crossings” in the reference clock should be
detectable to generate the logic ref-clock signal.

Used configuration inside the PLD is such that the VCXO clock and the reference clock
are divided until a common frequency is reached. The divided VCXO and clock signals
are then fed into a phase-frequency-detector (PFD). The outputs of the PFD are
transformed to a charge pump which gives positive or negative current pulses. Those
pulses are filtered (integrated) by an external PLL loop-filter in order to suppress the
comparison frequency energy (also known as reference breakthrough) and to stabilize
the PLL process.

Example:
assuming a reference carrier (for the TFF1003HN LO generator) at 203.90625MHz and
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divide it by 1305, this will give a block signal at 156.25kHz. When we divide the reference
clock (10MHz) by 64 we also get 156.25kHz, both divided signals can be compared in
phase/frequency to generate the error signal.

To cover all NXP LO generator reference frequency requirements in one concept, see
table in section 8.1) the VCO frequency requirements dictate a very high tuning range
(27MHz to 950MHz) which is practically unfeasible in one concept. For this reason a
modular approach was chosen.

We recommend using a VCXO for reference frequencies up till approximately 60MHz
(the frequency at which fundamental crystals can be bought). Crystal oscillators usually
employ excellent phase noise properties but the tuning range is restricted (i.e. max. +/-
50ppm). When larger tuning ranges are required the resonating element should be
changed to another type of resonator like a high Q strip-line or coaxial ceramic resonator.

To extent the frequency range of the crystal based VCXQO’s the use of frequency
multipliers is recommended. From approx. 800MHz onwards a VCO implementation by
using coaxial ceramic resonator is possible.

Expected performance
Local Oscillator (LO) performance can be characterized in:
A) Long-term frequency stability
B) Spectral purity
C) Spurious Emissions
D) Output load characteristics

The expected (based on simulations/calculations) performance for each category will be
discussed in the sections below.

Long-term frequency stability

With this the frequency behavior over temperature and time (aging) are meant. Since the
LO generators output frequency is locked to the reference by a fixed ratio (N) the
frequency drift performance is fully dictated by the reference signal assuming the LO
generator is used within it's specified frequency and temperature range.

Spectral purity

Spectral purity, defined here as phase noise/ phase jitter. Phase Jitter being the
integrated PN over given frequency interval.

The natural phase noise properties of the VCO inside the LO generator can be
significantly improved inside used PLL bandwidth in case all noise sources in the system
including the reference frequency phase noise are significantly below the synthesizers
noise floor.

To calculate what will be the synthesizer noise floor we can use the formula from Philips
technical paper [1] (13.05GHz PLL based LO generator in SiGe:C):

‘[{Lf'}:FOMrIdB%{__ZJJF 20log)y N +10logy f,er [dBVH:]

When all other noise powers from sources inside the PLL, such as the PFD / freq. divider
/ charge pump and reference noise, are significantly below this synthesizer noise floor
the PN levels inside the PLL bandwidth will be equal to L(f).
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In the table below we can see the L(f) for VSAT LO=13.050GHz at the usable divider
ratios.

N L) |FOM 20logN 10logFref
16 |-107.8| -221 24.0824 89.1149
32 |[-104.8| -221 30.1030 86.1046
64 |-101.8| -221 36.1236 83.0943

128 | -98.8 | -221 42.1442 80.0840
256 | -95.8 | -221 48.1648 77.0737

Table 3.2.2.1, synthesizer noise floor for various divider ratio.

As we can see the noise floor decreases when the divider ratio is decreased (requires
increasing reference frequency). This is under the assumption that the noise contribution
from the possible noise sources, apart from the PFD noise, remain insignificant.

For the reference frequencies required for each divider ratio we calculate:

N Fref [MHZz]
16 815.6250
32 407.8125
64 203.9063

128 101.9531
256 50.9766

Table 3.2.2.2, required reference frequency for various divider ratio.
Calculation example for required reference phase noise

For VSAT the requirement is to have a BUC LO with maximum phase noise of —
95dBc/Hz at 100kHz offset (over temperature and supply variations). This can be met if;
1) the synthesizer Noise Floor is sufficiently low and 2) the PLL loop bandwidth in that
case is significantly larger then 100kHz.

According table 3.2.2.1 the noise floor of —95dBc/Hz can just be met at N=256, but in that
case all other noise sources in the PLL should be sufficiently low in order not to degrade
the PN at 100kHz. It also leaves no margin for temperature, production spread and other
variations.

For this we recommend to use N=64, which creates sufficient margin. The reference
frequency for the LO generator is then 203.90625MHz, what should be the required
phase noise for this reference?

We can derive the required reference phase noise from the synthesizer noise floor and
the divider ratio. Assuming the reference PN will be degraded by 20 times log (N) when
up-converted to the final LO freq in the PLL, then to get the same level as the synthesizer
noise floor we need —101.8dBc/Hz - 20 log (64) = -137.9dBc/Hz. When the reference
phase noise at 100kHz offset is —138.0dBc/Hz the PLL will have a noise power from the
reference of —101.8dBc/Hz, and a noise floor of —101.8dBc/Hz by the PLL. The two noise
powers can be added as this is none correlated noise, resulting in a —98.8dBc/Hz noise
power at 100kHz (assuming PLL BW >>100kHz). The synthesizer noise floor and the
reference PN in this example will dominate the overall PN. In case we want the best
possible noise performance the reference noise should be lowered by an additional 15dB
(-152.9dBc/Hz @ 100kHz), then the LO PN will be —101.6dBc/Hz @ 100kHz offset.

A spreadsheet program to calculate the noise levels, the required ref. PN and resulting
overall PN is available upon request.
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3.2.4 Calculation example for required CUP loop bandwidth
The CUP loop filter has to be dimensioned such that:
1) it suppresses the pulses from the PFD to eliminate reference breakthrough;
2) it generates a stable loop;
3) itis fast enough to fulfill the “dynamic requirements”;
4) the CUP does not degrade the VCXO PN.

The loop bandwidth in a PLL system should be significantly smaller then the comparison
frequency to allow sufficient reference breakthrough suppression assuming a simple 2nd
or 31 order filter has to be used.

There are no requirements on lock time found for VSAT BUC. This will allow any time
constant in the loop.

Concerning the PN we have to know the properties of the dominating noise sources in
the system. The free running VCXO PN and the PN properties of the reference clock are
assumed to be dominating.

VCXO and multiplied Phase Noise

-60
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-90

==
| =
=l

-100

I

-110

—— Fundamental PN (dBc/Hz)

-120
M —— 5th Harm PN (dBc/Hz)

e i

o M M

180 % LT

-160

170 M

-180 ‘ ‘ ‘ ‘ ‘

1E+01 1E+02 1E+03 1E+04 1LE+05 1LE+06 1LE+07

Freq. offset [Hz]

PN [dBc/HZ]

Fig 4. VCXO fundamental and 5" harmonic phase noise (free running)

Please note the low frequency spurious are coming from used PSU, using VCXO regulator will suppress them.

After multiplying the VCXO frequency by five we can expect at least 20*log(5)=13.97dB
degradation in PN. From the results above this is confirmed.

If we calculate the PN values for the divided Fvcxo and divided Fref and the PFD noise
floor it is possible to make an assumption for the final achievable PN.
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In the table below we can see the phase noise at the CUP PFD, using the reference
clock PN of <-125dBc/Hz at 100Hz (assumed), <-135dBc/Hz at 1kHz, <-140dBc/Hz at
10kHz (given by customer feedback).

Table 1. Phase Noise of VCXO and Reference clock calculated back to PFD
by using formula PN = PN-20 * log(N), N for VCX0=1305, N for Fref. =64

External 10MHz ref PN VCXO natural PN
100Hz Max. —161dBc/Hz Typ. —171dBc/Hz
1kHz Max. —171dBc/Hz Typ. —188dBc/Hz
10kHz Max. -176dBc/Hz Typ. -201dBc/Hz

As the (10MHz) reference clock worse case PN is approx. 10dB higher compared to the
VCXO PN a loop-filter BW <<100Hz must be used such that the 10MHz PN will not
dominate the final PN performance. With the loop-filter BW<<100Hz we may assume
sufficient suppression at the comparison frequency (156.25kHz), probably ref. spur’s will
be dominated by crosstalk on supply lines and/or by parasitic electro/magnetical
coupling.

3.2.5 Spurious Emissions

It can be expected that besides the required reference frequency also mixing products
may appear at the CUP output, for example in case the reference is obtained by
frequency multiplication. As there is no clock signal required for the CPLD we may
expect spurious at the PFD frequency and the VCXO frequency in case a multiplier is
used. In case a DC-DC converter is used in the power supply of the CUP application
special pre-caution should be taken to suppress used switching frequency.

3.2.6 Dynamic response

What is the CUP response on steps i.e. in input frequency or supply voltage? What is the
systems settling time? These items can hardly be found in the standards. As most
applied systems are quasi stationary one can imagine once the LO is on frequency it
remains such for the entire TX/RX on-time.

3.3 Demonstrator schematics

The demonstrator consists of a main board and a click-on VC(X)O board. The schematic
of the main board can be found in section 8.2.
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3.3.1 The PLD part
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Fig 5. Schematic for PLD part

Used PLD can be programmed by JTAG connector X3, which is only required for the
evaluation/development platform. For mass production there are possibilities to avoid this
connector, please contact Xilinx for the details.

Two logical inputs are assigned, pin 7 and 8, one for the Fref (usually 10MHz) and one
for the Fvco. For cost optimization the maximum input frequency to the PLD is limited
(depends on the configuration/SW) and if required additional divide by two stages may
be used.

3.3.2 Reference clock amplifier/converter

»\cc_3V3

Fref BNC
input

Fig 6. Schematic for reference clock amplifier / converter

This circuit amplifies the reference clock and generates a clipped sine wave from it such
that the PLD can recognize the “zero crossings”. The BFS17 is biased at approx. 6maA,
giving >25dB of gain at 10MHz! The 2.7uH inductor and 56pF capacitor create a <-10dB
return-loss at 10MHz. See simulated gain/return-loss in figure below.
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Fig 7. simulated S21 and S11 from reference clock amplifier

3.3.3 VC(X)O module / loop-filter
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Fig 8. schematic for VCXO module / loop filter

Due to the modular approach the VC(X)O is a separate PCB that can be plugged on to
the main CUP PCB. The VC(X)O module itself can be supplied by 1.8V, 3.3V or 5.0V to
enable maximum flexibilty. The correction voltage, called Vtune here, comes from a
circuitry that integrates the pulses coming from the PFD (implemented in the PLD).
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3.3.4 203.90625MHz VCXO module

40.78125MHz
VCXO

203.90625MHz
Band Pass Filter

Optional
amplifier stage

(can be bridged)

——ax
D 203.90625MHz output
(AC coupled)

Splitter

Y

X

Vtune @}

40.78125MHz output
(DC coupled)

Fig 9. Block diagram for 203.90625MHz VCXO module

Crystals have superior Q factors hence potentially can meet the required PN when used
as resonating element. Crystals with required characteristics to create a VCXO, at
reasonable costs, are available from below 10MHz till approx. 60MHz.

As for VSAT BUC the recommended reference frequency is 203.90625MHz we decided
to use a fundamental crystal at one-fifth of 203.90625MHz, which is 40.78125MHz.
Positive side effect of this choice is that the fundamental frequency can be fed into the
PLD (203.90625MHz would require a more expensive PLD part).

Please not that overtone crystal oscillators are very hard to tune in frequency, the
dF/sloadcap is extremely small compared to the one for fundamental crystals.

A highly selective BPF filters out the 5! harmonic from the VCXO output signal. The
VCXO output signal is basically a square wave containing strong odd harmonics.

The output of this BPF can be directly fed into the LO generator, or in case the output
level is insufficient, be amplified on the VCXO module by an amplifier stage as described
in section 3.3.4.3.
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3.3.4.1 VCXO design

74LVC1GX04
3 {>o 4 {>Q>—e
{1

M |;| 220R

120pF_| 10pF 0 10pF | 120pF

XTAL
fundamental
BB202 220pF_| 22pF BB202
* x

Vtune .

Fig 10. schematic for fundamental VCXO

The main block of the VCXO is a NXP 6 pin crystal oscillator/buffer 74LVC1GX04.
Crystals for demonstrators are obtained from Tai-Saw Technology Co. Ltd Taiwan.

The 1M resistor is to bias the inverters input at half Vcc, the 220R resistor limits the
crystal drive power. The frequency of the oscillator is tunable by varying the load
capacitance of the crystal. The total load capacitance is formed by the two varactors, the
two 120pF capacitors, the two 10pF capacitors and some parasitic capacitance of the
circuitry.

Please note that any noise/ripple on the XO supply might convert to excessive phase
noiseljitter. For this reason it is very important to implement a clean noise and ripple free
supply for this block. For example by using a separate regulator on the VCXO supply and
using large capacitance, low ESR value capacitors.
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3.3.4.2 Time domain properties

Fig 11. 40.78125MHz output signal in time domain measured by differential probe

Figure 11 shows the VCXO fundamental output signal in the time domain.

Ideally the VCXO block should have a rectangular wave shape output voltage that could
be described mathematically as Vout = sin(ot) + 1/3sin(3 ot+¢l) + 1/5sin(5 ot+ ¢2) and
so on. For the multiplier functionality we need to filter out the 5t harmonic only. In reality
the wave-shape is not as ideal and contains odd and even harmonics depending on the
symmetry in the time-domain of the signal. This symmetry depends on DC biasing and
on the load impedance of the XO, not only at fundamental but also at the harmonics.

Please note that the output impedance of this XO block is not specified, it is expected to
be relatively low impedance (voltage source by push-pull FETs). To avoid overloading
the output special attention to the load impedance should be paid. The load impedance
consists of the PLD input in parallel to the BPF input. The PLD input impedance is
expected to be high Z, the BPF will be very reflective outside the pass-band (which is
centered at the 5" harmonic).
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3.3.4.3 Frequency domain properties

Harmonic content of VCXO

Power [dBm]
én
|

10 8 H s ©100p and 11R

1 2 3 4 5 6 7 8 9
Harmonic nr

Fig 12. 40.78125MHz output signal in frequency domain (measured until H9)

Figure 12 shows the harmonic content measuring the signal by loading it with 50 Ohms
(Spectrum Analyzer input impedance) and while the BPF remains connected (series
capacitor 100pF). The power of H5 (fifth harmonic) is approx -6dBm. Please note that
because of the loading with 50 Ohms the output voltage drops compared to the case
when loading the VCXO by the PLD input.
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3.3.4.4 Tuning properties

Relative freq [ppm]

80

relative freq = f(Vtune)

—=— Series2

Viurfe [V]

Fig 13. VCXO tuning characteristic

Figure 13 shows the relative frequency, referenced to 40.78125MHz, as function of the
tuning voltage. For a well centered VCXO the nominal frequency is achieved at ambient
temperature around 1.5V Vtune, leading to symmetrical margins.

ope[ppriv]

5]

500
450

400

w
1
o

oW
gL &2
o O

200
15.0
100
50
00

tuning slope = f(Vtune)

——3/CXO

2
Viune [V]

Fig 14. VCXO tuning characteristic

Figure 14 Shows the tuning slope, it is derived by differentiating the curve from previous
figure. At the high Vtune side the slope degraded by a factor 3 to 4. When operated in
this area the total CUP loop-gain will be lower hence the system response time and
stability may be impacted.
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3.3.4.5 Splitter / 203.90625MHz BPF design for 50 Ohms output system

39nH 100nH 18nH 33nH

SMA ref. output

in 3 H

H
100R 100pF
6.2nH
To PLD Fvco

Fig 15. Schematic for splitter / BPF

The splitter consists of two resistors, one in the BPF=>TFF1003 (or equivalent LO
generator) path, the other in the signal path to the PLD (or external divider in case
required).

The BPF is a 7t order Cauer type, designed to avoid tight tolerance components or
alignment. One can use various SW tools to simulate the response and calculate
component values. For example Elsie, free student version available at
www.tonnesoftware.com. It is important to suppress the fundamental VCXO frequency,
as well as the (mainly odd) harmonics to avoid 40.78125MHz spaced spurious in the LO
spectrum.

In the figure below the simulated S21 for the BPF is shown.

m3 m4
freq=203.2MHz freq=41.04MHz
dB(S(2,1))=-9.950{ [dB(S(2,1)}=-72.376

4 m3
-10-]
20
30
= 0]
5 ] \
g o] |
0]
.90_— ‘\\\_//r
'100_""I""I""I""I""I'"'I""I""I""I""
0.0 01 0.2 0.3 04 05 0.6 07 08 09 1.0
freq, GHz

Fig 16. Simulated S21 for splitter / BPF (based on ideal inductors/capacitors)

It is important to perform simulations with the inductor models including parasitic. The
SRF frequency and series resistance of the inductors might impact the performance. For
phase noise measurement results on the free running VCXO/BPF see figure 4.
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[~ Agilent E50528B Signal Source Analyzer & E5053A Microwave Downconverter
= y Nose 1000081 Ref 20,0008 /Hz
0 F

Freq Band [99M-1.5G¢) LO Opt [<150k4)
Phase Nose Start 10 H2 Stop 1 M-z IETENE /

Phase Nosse: Meas [ R (R YT =) (R SN E i P PSR i

Fig 17. Phase Noise plot at 203.90625MHz when CUP is locking

3.3.4.6 Splitter / 203.90625MHz BPF design for high load-impedance system

39nH 82nH 82nH 39nH

. Y HlOOpF MMM ™ M ™ H " __To TFF1003
Ref. input
Mg fay i
75p%38.2nH 130%}4,7HH ! 39p%315nH

To PLD Fvco

Fig 18. Schematic for splitter / BPF

The BPF can be modified in case the maximum output voltage has to be reached (to
avoid the use of an external amplifier stage in the reference path. As the TFF1003
reference input impedance is several hundreds of Ohms the BPF can be adapted to get
more output voltage out of it.

In case the transmission line from BPF output and TFF1003 reference input is short
(electrical length <<0.2 applied wavelength) the BPF may be connected by a short PCB
track. In that case the necessity for a transmission line with given characteristic
impedance, i.e. 50 ohms, can be omitted. The 51 Ohms resistor to GND at the TFF1003
input should be deleted in that case.

The optimum input voltage for most NXP TFF LO generators is between 200mVpp and
600mVpp, with optimum implementation of VCXO and BPF approx. 300mVpp can be
obtained.
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Output Voltage vs. Frequency

dB(Vpld)
dB(Vout)
3
|

-70—m
80—
,90—/ \/\
'100II\II\I\fl\II\‘I\\I‘\I\fl\II\II\II‘II\Il\II\[I\II
0.0 1.0
freq, GHz
m1

freq=40.00MHz
dB(Vout)=-75.081

Fig 19. Simulation results for above shown BPF based on Murata 0603 components

For this simulation a rectangular source with OR output impedance was used, fed into
BPF with 22R series resistor and 100pF DC blocking capacitor. Load used was based on
measured input impedance of TFF1003 paralleled with 150R.
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3.3.4.7 Optional Fref amplifier design

Vee
I|
T 220pF ||
| [
" 1onF || 6.8pF  220nH
3k3 [] 680R
|[ 2200F _ out
ine_ 15pF || - Il
I BFG424F
26nH 27 [Nser__| 2200F
270pF

Fig 20. Schematic for Fref amplifier

Build around NXP BFG424F transistor, biased at approx. 8mA leading to >20dB of gain
at 200MHz. Depending on the reference frequency, the losses in the BPF and the supply
voltage of the VCXO this additional gain stage may be required. Please note that the
drive level for the LO generator series is —10dBm < Pref < 0dBm (use attenuator in case
Pout>0dBm). The figure below shows simulation results of the amplifier stage.

m3 m4
freq=203 2MHz freq=41.04MHz
dB(S{2,1))=24 587 | [dB(S(2,1))=-6.702

0. 118

m1
freq=203 2MHz
dB(S(1,1)=-20.710

@
a .
b

I
o

o
=)
o
N
o
a
o
o
o
o
o

Fig 21. Simulated S21/ S11 for Fref amplifier
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4. Practical information, setting up the demonstrator

4.1 Required measurement equipment
For measuring the key-performance parameters a minimum set of equipment can be:
1) A spectrum analyzer with sufficient low noise floor

2) A DC Power Supply Unit (PSU) with 3.3V output (200mA) and 5.0V output
(100mA), preferably none switch-mode, low noise type

3) Ansignal generator for the 10MHz reference signal, output level 0dBm typical (-
15dBm min.) In case the frequency and amplitude do not need to be variable the
external reference from the spectrum analyzer can be used. Requirements on the
PN for VSAT BUC: <-135dBc/Hz at 1kHz and <-140dBc/Hz at 10kHz offset.

4)  An oscilloscope (preferably 100MHz or more)

5) A DCVM (multi-meter to measure voltages/currents)
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4.2 Connecting / measuring the CUP

Fig 22. CUP demonstrator connected to phase noise analyzer

Connect the reference output to be examined to the input of the analyzer. Please note
that the 203.90625MHz output of the VCXO board is AC coupled, but in case one wants
to measure the 40.78125MHz output a DC block has to be used.

In case the nominal frequency has to be examined the 10MHz external reference output
of equipment such as phase noise analyzer or spectrum analyzer can be used. For
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measuring the lock range for example an external adjustable 10MHz source has to be
used.

4.3 Connecting to the TFF100x/TFF11xxx demo-board

Fig 23. CUP demonstrator connected to TFF11xxx demoboard
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Please note that the TFF11xxx/TF1xxxx demo-board and the CUP require two separate
PSU units. It is important to keep the losses from the 203.90625MHz output of the VCXO
board towards the TFF11xxx board as small as possible. Therefore an adapter piece was
used (long cable would give additional losses).

When switch-mode PSU units are used excessive phase noise or spurious at the PSU
switching frequency and it's harmonics might be observed. To check the PSU
noise/ripple one can place a big electrolytic capacitor (i.e. 2200uF) on the supply leads
close to the CUP banana sockets.
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4.4 Connecting / measuring the system

Fig 24. LO generator / CUP connected to phase noise analyzer
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4.5 Frequently Asked Questions
Q: - theLO does not lock
A

check the divider ratio set (three jumpers on TFF11xxx board)

check the reference signal, power/lock

check the tuning voltages for CUP and TFF11xxx, it should be between 0.2
and 2.9Volts for the CUP, 0.2 and 2.5V for the TFF1xxxx

Q: - the LO phase noise does not meet the required phase noise
A: - check the 10MHz reference phase noise in case close in PN is not met
- check with different PSU or additional large value decoupling capacitors on
supply
<DOC_ID> © NXP B.V. 2007. All rights reserved.
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5. PLD programming code

Software code to program the gates and latches inside the PLD to the right configuration

is written in NXP PL RF small signal (VHDL code) with support from Xilinx Benelux.
Various configurations that should lead to the same results are possible.

5.1 The Xilinx VHDL SW development environment

The ISE tool can be downloaded from the Xilinx web-site. For questions and support on
the VHDL SW tool / code please contact Xilinx. The SW development environment looks
like this:

[B5 ISE Project Navigator - C:\Xilinx\projects\cleanup_pll\tested_versions\40_78125MHz_counters_PFD_¥1\ise_project.xise - [toplevel.vhd]
[3) Fle Edt View Project Source Process Tools Window Help

=18l
ls|x]

ID2EEIXD 0 X0 o

Design “O08x & T T =
[ | Sources for: [implementation ~| &= 2 -- Cowpany: Xilinx Benelux BVBA
e 3 -- Engineer: Dries Driessens
5] | Hierarchy = -
| 5] ise_project = 5 -- Create Date: 28/05/2010
X(Zt;’Za-EQFGEZ £ 6 -- Design Name: cleanup PLL cpld design
o = [l toplevel - Behavioral (toplevel:y = 7 -- Module Name: toplevel - Behavioral
[ toplevel.ucf (toplevel.ucf) o e iEagate Nhni:  BTeAion PLL
= 9 -- Target Devices: xc2c3Za
A 10 -- Tool versions: ISE 11
o| 11 - Description: divides frequency of VCXO by 261 and 10MHz ref by 64, both compared in PFD
Ho -
2| 13 - Dependencies:
| 1 -
15 -- Revision:
16 -- Revision 0.01 - File Created
17 -- Update: 28/05/2010, First version for 40.78125MHz VCEO (after multiplying by 5 this makes Fref of 203.90625MH)
18—
19 - Additional Cormments: L
Ca--
21
22 library IEEE:
23 use IEEE.STD_LOGIC_1164.ALL;
24 use IEEE.STD_LOGIC_ARITH.ALL;
25 wuse IEEE.STD_LOGIC_UNSIGNED.ALL:
26
27
28 entity toplevel is
7 | 29 Port { Fveo : in  STD_LOGIC;
———— 30 Fref buf : in STD_LOGIC:
7. | Processes: toplevel - Behavioral 31 LCKDET : out STD_LOGIC:
S| E  oesin SummaryjReports 32 TOO_LOW_N : out STD_LOGIC:
@ Design Utilties 33 TOO_HIGH : out STD_LOGIC
le User Constraints 34 )
7= 73 Create Timing Constraints 35 end toplevel;
{23  Fioorplan 10 - Pre-ynthesis 36
£ €L\ Implement Design 37 architecture Behavioral of toplevel is
& 8.4\ Synthesize - XST 38
F20) Translate 39 signal ref_counter : integer range O to 127;
0O i 40 signal veo_counter : integer range O to 511;
L) Generate Programming File 41 signal Fref divided : std_logic := '0';
£ §  Configurs Target Device 42 signal Fveo_divided ¢ std_logic := '0';
%  Manage Configuration Proje 43 signal reset : std_logic;
&3 Optional Implementation Tools 449 signal Vup : STD_LOGIC;
45 signal Vdown : STD_LOGIC;
46
47 -- signal lock counter : integer range O to 3;
48 -- signal good : std_logic:
49 -- signal LCKDET int : std_logic := '1';
50
51 begin
52
53 -- divide 10MHz ref clock by 64 - comp freq will be 156.25kHz
54 ref_counter_proc : PROCESS (Fref_buf) -
5 4 »
Design | Fies | _Libraries | =] ‘What's New in ISE Design Suite 11.1 = Design Summary @ toplevel.vhd
Console. “08x
Launching Design Summary/Report Viewer... P
Started : "Launching ISE Text Editor to edit toplevel.vhd".
“ >

Errors__Console | Warnings | _Tdl Console

Fig 25. Xilinx ISE cockpit

5.2

<DOC_ID>

Integer N implementation

The main code that is available is as described in the technical paper. In this

configuration the incoming signal from the reference VCO(Fvco) is configured to a binary
counter stage with N=1305, the external clock (Fref) is directed to a binary counter that

counts in a loop of N=64. The output of both counters (a-symmetrical signal with

frequency of 156.25kHz) is fed into the PFD.
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Advantages of this integer N implementation is the simplicity (design time / processing
speed), disadvantages are the probability of reference spurious and the limited
possibilities in choosing the VCXO/reference frequency. Ultimately both incoming signals
need to be divided down to 1Hz at which the PFD could work. This would limit the loop
filter bandwidth to <<1Hz, which results in a very slow response time. The required
amount of flip-flops would be impractical.

Fvcxo counter (Nvexo)
Counter
u/D B,
Reset By
s o D@ Too_high (pin 19)
Fvco (pin 7)e—«—— Carry out
ENB R Q
Counter
u/ B, :j
Reset By
s Q Too_low (pin 18)
Fref_buf (pin 8) o——— Carry out
R .. Q
ENB CLR
Fref counter (Nref) 4
Fig 26. Hardware representation of integer N solution (VSAT: Nvcxo=261, Nref=64)

5.3 Fractional N implementation

To enable every possible output frequency and to increase the PFD frequency (could
decrease the reference spurious) a fractional N SW implementation could be used.

If we want to run the PFD for example directly at the reference clock (LOMHz) the main
divider for the VCXO frequency has to be 40.78125/10=4.08725. There is an integer
divider ratio of 4, the fractional part has to be 5/64. There are several techniques to
implement a fractional N PLL that will not be discussed here. Theoretically the main
divider is switched from one divider ratio to another in a certain sequence that spreads
the spurious noise outside the LPF BW.

A SW code, based on sigma delta spreading, is available but due to the limited amount
of gates inside the PLD the functionality/flexibility is restricted.
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6. Measurement results

6.1 CUP reference phase noise at 203.90625MHz

IF Gain 20dB Freq Band [99M-1.5GHz] LO Opt [<150kHz]
Phase MNoise |Start 10 He

[Phase Noise: Meas (Rl RN S ) 2010-10-13 1719

Fig 27. Phase Noise result at 203.90625MHz

As calculated in section 3.2.3 the synthesizer noise floor with N=64 and Flo=13.050GHz
is —102dBc/Hz, when the reference PN is at 138dBc/Hz it will cause the same amount of
noise power, resulting in —99dBc/Hz at 100kHz offset in the LO spectrum. As shown
above the actual PN at 100kHz offset is approximately —150dBc/Hz, so the LO PN at

100kHz offset must be better then —100dBc/Hz as shown in the graph below measured
at 13.05GHz.
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6.2 System phase noise at 13.05GHz

[~ Agilent E5052B Signal Source Analyzer & E5053A Microwave Downconverter
PPh f cfHz

Print
Abort Printing

analy
ntg Printer Setup ...

S Nod

Invert Image
OFF

Durnp
Screen Imag:
Misc Setup
Backlight

oN

Instrument Setup

Service Menu

IF Gain 20dB Freq Band [9G-26.5GHz] LO Opt [<150kHz]
[Phase Noise |Start 10 He stop 100 MHz IETEI

[Phase Noise: Meas [ ENIER] RSNNGR] eyt =) [SRActe ) [t [pte) [ POYOR VS I R0

Fig 28. Phase Noise result at 13.050GHz

Please note that the integrated RMS PN (Jitter) at 13.05GHz is the jitter at the reference
multiplied by used divider ratio in the TFF11xxx (15.5mdegr * 64 = 0.992 degr. RMS).
The spurious observed in the graph are measured in a 1Hz BW, hence do not represent
the proper “dBc value”. TO measure the relative spurious level (in dBc) a SA must be
used.
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6.3 Phase noise over temperature (at 13.05GHz)

Ref. freq. PN (203.90625MHz)

100 1000 10000 100000

Fig 29. Phase Noise result at various temperatures (Flo=13.050GHz)

At extreme low temperatures some degradation at 100Hz offset is observed. This is very
likely caused by the power supply decoupling, which is partly implemented by electrolytic
capacitors. These kind of electrolytic capacitors may decrease significantly in value at
extreme low temperatures. It is also important to choose “NPO like” capacitors in the PLL
loop filter or capacitors that do hardly change in value at extreme temperatures.

6.4 Locking range over temperature (at 13.05GHz)

CUP lock+ange over temperature

—x— lower freq limit

—s— high freq limit

min/max locking freq [PPM]

temp [degr C]

Fig 30. CUP lock-range over temperature

The required lock range of +/-25ppm (VSAT BUC) over the entire temperature range is
met with sufficient margin.
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7. Bill of Materials (BOM), supplier information

<DOC_ID>

7.1
7.1.1

7.1.2

7.2
7.2.1

7.3

7.4

7.5

Semiconductors

Transistors, Varicaps and XO

NXP Semiconductors.

Table 2.  NXP key-components used

Identifier Type 12NC amount function

V1 BFS17 9330 827 71215 1 Amplifier 10MHz
VAR1, VAR2 BB202 9340 569 20115 2 Varicap VCXO

D2 74LVC1GX04GW, 125 9352 740 24125 1 Crystal oscillator
V2 BFG424F 9340591 26115 1 Ref. signal amp (not

always required)

PLD

Xilinx, partnumber: XLXXC2C32A-6QFG32C for 6nsec propagation delay device
(Fref<150MHz), for increased freq. range also the 4nsec prop. Delay type can be used,
Part-number: XLXXC2C32A-4QFG32C

http://www.xilinx.com/

Passives

Crystal

TSTS, Tai-Saw Technology Co. Ltd Taiwan
Part-number (for VSAT 40.87125MHz crystal): TZ1856A

TST Contact Person : Kevin Chang, oversea Sales Director
Tel : +886-3-4690038 ext 110
Mobile: +886-963019383 (TW)

+86-15814673863 (CN)

SMD inductors
For BPF: Murata LQW15A series

SMD capacitors
Murata or Yageo, mostly 0603, for VCXO mostly 0402

Software tools

Elsie for simulation of used BPF, http://www.tonnesoftware.com/ free student version.

Xilinx ISE for PLD related programming. See Xilinx website.

© NXP B.V. 2007. All rights reserved.

User manual

Rev. 2.0 updated Rev. — 04-10-2012 36 of 42


http://www.xilinx.com/
http://www.tonnesoftware.com/

NXP Semiconductors UM TFF100x / TFF11xxXx Clean-up

generate CW reference for LO generators

8. Appendixes

8.1 Reference frequency range for current NXP LO generators

Divider Ratio N

Product min freg [GHz] [centre freq [GHz] (max freg [GHz] 256 128 G4 32 16

TFF1003 12.800 12.925 13.050)  50.0000 509766 100.0000( 1019531 200.0000] 2039063 400.0000| 4078125 B00.0000[ 85156250
TFF1007 14620 14.810 15.000)  57.10594 58.5938) M4.2M88[ 1171875 2284375 234.3750| 456.8750| 468.7500( 9137500 937.5000
TFF1003 14.130 14.220 14.310)  55.1953 55.0904 1103905[ 111.7969| 2207813 223.5030| 441.5625| 4471075 BO31250( 894.3750
TFF11070 7.000 7.200 7.400) 273438 289063 546575 57.8125| 109.3750] 1156250| 2187500 231.2500( 4375000 4525000
TFF11073 7.400 7.600 7.800)  28.9083 304688 &7.8125 B0.9375| 115.6260] 121.8750| 231.2600( 243.7500| 4625000 487.5000
TEF11077 7.700 7.900 8.100)  30.0781 316406  BO.1563 63.2813] 120.3125] 126.5625) 240.6250( 253.1250( 4812500 506.2500
TFF11080 §.000 8.200 5.400)  31.2500 328125 B2.5000 65.6250| 125.0000] 131.2500| 250.0000( 262.5000( 500.0000[ 525.0000
TFF11084 8.400 8.650 8.900) 328128 34.7656)  BAE250 69.5313| 131.2500] 139.0626| 2625000 275.1250( A26.0000( 556.2500
TFF11088 8.600 8.900 9.200) 33.5938 359375  B7.1875 71.8750| 134.3750] 143.7500| 268.7500( 287.5000( 5375000 575.0000
TEF11092 9.100 9.3580 9.600) 35.5489 37.5000( 71.0935 75.0000] 1421875 150.0000) 254.3750( 300.0000( 5657500 BO0.0000
TFF110%6 9.300 9.550 9.800) 35.3281 38.2813] 72B563 76.5625| 145.3125] 153.1250| 290.6250( 306.2500( 581.2500( B12.5000
TFF11101 9.800 10.100 10.400)  38.2813 406250 765625 81.2500| 153.1250] 162.5000| 306.2500( 325.0000 E12.5000( B50.0000
TFF11105 10.400 10.700 11.000)  40.6250 42,9608  81.2500 05.9375| 162.5000] 171.6750) 325.0000( 343.7500| 6500000 BG7.5000
TFF11110 11.000 11.350 11.700) 429688 45.7031 85.9375 91.4063| 171.8750] 1828125 3437500 365.6250| BB7.S000( 731.2500
TFF11115 11.700 12.000 12.300) 457031 48.0468  91.4063 96.0935| 182.8125] 192.1875| 365.6250( 384.3750( 731.2800( 76E.7500
TEF11121 12.100 12.450 12.600) 472656 S0.0000(  945313[ 100.0000( 189.0625| 2000000 375.1250| 400.0000( 7562500 500.0000
TFF11126 12.400 12.800 13.200)  4B.4375 516625 965750( 1031250 1937500 205.2500| 35875000 4125000 7750000( 85250000
TFF11132 12.600 12.950 13.300)  49.2188 51.9631 98.4376| 103.9063) 196.8750| 207.8125) 393.7500| 4156280 7875000 831.2500
TFF11139 13.500 13.900 14.300) 52.7344 55.8594| 1054688 111.7188 2108375 2234375 421.8750| 446.8750( B437500[ 893.7500
TEF11145 13.800 14.350 14.600) 54.2969 57.8125] 1085935 1156250 2171875 231.2500| 434.3750| 462.5000( B68.7500[ 525.0000
TFF11152 14.400 14.850 15.300)  56.2500 29.7656( 1125000[ 1195313 2250000 239.0625| 450.0000| 478.1250( S000000[ 956.2500

rni ref freq | rmax ref freq min ref freq  masx ref freq  min ref freq max ref freq  min ref freq | max ref freq min ref freq | max ref freg

Table 2, reference frequency range for current NXP LO generators
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8.2 Main PCB schematic
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Fig 31. CUP motherboard schematic
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Abbreviations
PN:

Phase Noise

Voltage Controlled Crystal Oscillator

CUP:  Clean-up PLL
VCXO:

SA: Spectrum Analyzer
BPF:  Band Pass Filter
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9.1 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences
of use of such information.

9.2 Disclaimers

General — Information in this document is believed to be accurate and
reliable. However, NXP Semiconductors does not give any representations
or warranties, expressed or implied, as to the accuracy or completeness of
such information and shall have no liability for the consequences of use of
such information.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in medical, military, aircraft,
space or life support equipment, nor in applications where failure or
malfunction of a NXP Semiconductors product can reasonably be expected
to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors accepts no liability for inclusion and/or use of

<DOC_ID>

NXP Semiconductors products in such equipment or applications and
therefore such inclusion and/or use is for the customer’s own risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

9.3 Licenses

Purchase of NXP <xxx>components

<License statement text>

9.4 Patents

Notice is herewith given that the subject device uses one or more of the
following patents and that each of these patents may have corresponding
patents in other jurisdictions.

<Patent ID> — owned by <Company name>

9.5 Trademarks

Notice: All referenced brands, product names, service names and
trademarks are property of their respective owners.

<Name> — is a trademark of NXP B.V.
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