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Abstract
 The purpose of this paper is to disclose the design techniques and experimental methodologies for the stabilization of X-band phase locked loop (PLL) phase noise performance during random vibration environment. Phase noise performance of PLL based unit under test (UUT) is very prone to disturbance occurred in random vibration profile frequency spectrum. UUT self-resonance plays vital role in occurrence of disturbance in random vibration profile. The stabilization of phase noise performance during dynamic (random vibration) condition is achieved by following methodologies, i.e. vibration-isolator compensation technique, purification tactic of crystal reference of PLL and spatial location analysis for mounting of crystal reference. Spatial analysis helps to filter out UUT self-resonance from frequency spectrum of random vibration profile which ultimately leads to reduction of frequency resonance pickups during random vibration testing. 
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1 | INTRODUCTION
In recent times, electronic warfare and navigation technology have changed very rapidly. This change in technology requires highly precise and stable RF and microwave systems. Performance reliability of such systems is directly dependent on its ability to maintain its operational accuracy during dynamic vibration environment. Enough literature is available on phase locked loop (PLL) design and development techniques for frequency synthesis but its stabilization is a challenging task especially under random vibration environment of high g value. Degradation of phase noise of PLL generated signal under random vibration is very crucial which limits the performance of such systems and their use in mild to severe dynamic environmental conditions. Phase noise of PLL system is reliant on reference-induced phase-modulated (PM) noise which becomes excessively large at X-band and higher frequencies.
Reference source composed of piezoelectric material (acceleration sensitive devices) and its output signal purity is very sensitive to any type of lattice disturbance occurring due to vibration. Hence, for meeting phase noise requirements of PLL based high precision system (i.e. unmanned aerial vehicle (UAV), helicopter, missile, and other dynamic platforms) using reference source as clock requires development of improved design and compensation techniques to overcome such limitation. Fig. 1(a) shows the basic design of PLL system using reference source [1], [2].
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                Fig.1 (a). Basic block diagram of PLL, Fig.1 (b). Block diagram for X-band frequency generation. 

A PLL is an electronic feedback system that is used to control a slave voltage controlled oscillator (VCO) that is responsible for output frequency signal generation. The slave oscillator’s phase can be controlled only within the bandwidth (BW) of the PLL system which is loop filter design dependent. High frequency Radar and EW system generally operates in X and Ku band. Direct generation of high precise frequency signal in these bands is very difficult by using PLL design techniques due to high sensitivity of the VCO in the frequency band. In this paper for the generation of X-band signal, indirect technique has been used employing the S Band PLL project with multiplier as shown in Fig. 1(b). 
Phase noise is defined as random phase modulation of PLL generated system and it measures the frequency stability in frequency domain generally specified in dBc/Hz at given offset from carrier frequency. Spurious (undesired frequency pickup) plays critical role in the phase noise performance of the system. The occurrence of spurious due to reference sources (i.e. Temperature compensated crystal oscillator (TCXO), oven compensated crystal oscillator (OCXO)) are known as reference spurious, while spurious coming from other components comes under non-reference spurious. The effect of spurious can be reduced by proper selection of essential components in initial stage of designing as per system requirement. Therefore, it is very important to select components such as reference source which have direct impact on PLL phase noise and spurious performance. Thus, components with minimum phase variation under vibration in order to build a system with low vibration sensitivity are preferred. 
Section II discusses noise sources in PLL system and their contribution in phase noise and phase noise performance analysis of S Band PLL. Section III explains effect of random vibration on phase noise performance of reference source like TCXO or OCXO. Section IV discusses in-depth analysis of compensation techniques, power supply purification techniques and stabilization mechanisms of g-sensitive reference source for meeting phase noise performance of PLL system under random vibration. Section V covers the precaution that has to be taken before and during random vibration test. Section VI covers results of phase noise achieved before and after implementation of suggested techniques and stabilization mechanisms in this article for meeting stringent requirements of electronic warfare avionics and military systems under harsh conditions.
2 | Noise Sources and Performance Analysis Of PLL System

Phase noise performance of PLL system depends on:
i). Reference source
ii). R Divider
iii). N Divider
iv). Phase Detector
v). Loop filter Resistor Noise
vi). Active devices in loop filter
vii). VCO
vii). Power Supply

Reference source (i.e. TCXO or OCXO) is piezoelectric material which is prone to any type of physical disturbance. As reference source acts as clock for phase frequency detector (PFD) of PLL, any phase noise performance degradation of reference source has direct impact on PLL output. Hence stabilization of reference source under intense vibration environment is crucial for maintaining phase noise performance of PLL. PLL phase noise performance is also dependent on type of loop filter design. The selection of type (i.e. passive and active) and order of loop filter is based on requirement and limitations.
a. Fundamental of  PLL Passive loop filter
While designing a passive loop filter for any PLL; preferred approach is to use 2nd order filter. Selection of 2nd order filter will give lower resistor value and higher capacitor value near the VCO for better reference spur removal. Hence 2nd order loop filter is most preferred choice of passive loop filter design. If the effect of spurious is not under control after adding this loop filter, then additional RC low pass filtering stage can be added to reduce the reference spurious. Loop bandwidth () is another critical aspect in PLL design which depends on loop filter components, having narrow loop bandwidth is good at the expense of high lock time hence, a trade-off is required between the two. Higher order loop filters with narrow loop bandwidth approach is most effective in reducing spurious which leads to improvement in phase noise of PLL system.
b. Fundamental of  PLL Active loop filter
When charge pump generated by passive PLL is not sufficient enough to drive VCO then we need to go for active PLL design. It has a disadvantage of added in-band phase noise which is added by the active devices i.e. op-amp. However, it is generally recommended to use at least a third order loop filter because added pole reduces the additional voltage, current and flicker noise of the active devices. There are different fundamental approaches to implement active loop filter topology; one of those is shown in Fig.2 [3].
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                                                                                                    Fig.2. Active loop filter PLL system
While designing, if PFD frequency of PLL is large relative to loop bandwidth of loop filter there is more advantage in building higher order loop filter. Fig. 3 shows performance of phase noise, locking time and gain of active S-band PLL output that uses reference source (TCXO) of 100 MHz.  There is a big challenge to develop a compact high frequency RF sources with better phase noise performance for airborne radar application. PLL based frequency multiplier technique is a good approach for meeting the critical requirements of airborne application. This approach makes use of multiplier IC’s for transforming lower frequency PLL output into higher frequency signals. Degraded phase noise performance is the shortcoming of frequency translation technique (from lower frequency to higher frequency).
VCO phase noise is dominant in the outside the loop bandwidth as can be seen in the Fig.3(i) and Fig.3(vi).  Fig.3(ii) gives the voltage requirement () of VCO for the frequency. Close loop bandwidth can be estimated from the Fig.3(v); it also gives the gain of the active loop filter to cover VCO range. Fig.3(iii) shows reference phase noise which is dominant within the loop bandwidth of the PLL. Fig.4(iv) shows the VCO sensitivity which can be seen as the constant for the voltage range which changes very less. Fig.3(vi) gives the combined effect of the phase noise for the PLL. Fig.3(vii) is then second order response of the system which shows the system is stable at the lock frequency 2.66GHz. Closer look can be taken for the frequency lock in Fig.3(viii) which takes 50us lock time.
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Fig.3. S-Band PLL performance results

Phase noise performance degrades by factor 20log times ratio of translated frequency and the reference source frequency. It is defined in (1) and (2)
Degradation factor= 20 x log (M) dB 		     (1)

M =         		    (2)
Here, M is the multiplication factor with respect to reference source frequency.

3 | Effect Of Random Vibration On Reference Source Of PLL System

Vibration causes mechanical deformations in frequency-determining piezoelectric components that cause phase fluctuations. In general, these effects are more prominent in higher-frequency oscillators, due to increased signal phase sensitivity to mechanical deformation and decreased resonator quality factor. If these phase fluctuations are inside the oscillator feedback loop, they convert to frequency fluctuations via Leeson effect within the resonator half-bandwidth (HBW).
Reference source (oscillator) sensitivity to vibration is traditionally characterized by acceleration sensitivity, which is the normalized frequency change per unit g (9.8m/). When an oscillator is subjected to acceleration, its resonant frequency shifts. The frequency shift (Δf) over the time is proportional to the magnitude of the time-dependent acceleration and depends on the direction of acceleration. In random vibration amplitude of vibration level is defined in terms of power spectral density (PSD). Its effect in change in level of phase noise change (at particular offset from fundamental carrier frequency is measured in (3).
= 20log ()   dB 		       (3)

Here, Peak g-sensitivity is = 
Where  is acceleration sensitivity,  is the fundamental frequency of reference source (i.e. TCXO) and  is the offset frequency from fundamental frequency [4]. 
 of any reference source used in PLL is dependent on PSD and vibration spectrum. It is defined in (4).
= Hz/g     			          (4)
Reference source selection depends on many factors that need to be taken care like g-sensitivity reduction profile and its phase noise degradation in random vibration environment. Spectrum of random vibration is known as PSD [] which is critical while selecting the reference source as shown in Fig. 4. Fig.5 shows typical phase noise performance of reference source which must be taken into consideration while making reference source selection for PLL design and maintaining during random vibration. Acceleration sensitivity of reference source of PLL system is also dependent of axial behavior and it is measured in [ppb/g] as shown in Fig. 6.
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Fig.4. Random vibration spectrum
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Fig.5. Phase noise of typical reference source   		Fig.6. Axial acceleration-sensitivity of reference source

Hence phase noise performance in different axis gets affected in different manner which is critical while making selection of reference source.
4 | Acceleration Sensitivity Stabilization Techniques Under Random Vibration
As phase noise of any PLL based frequency synthesizer module is direct dependent on phase noise performance of reference source. Use of such modules in electronic warfare environment is limited by phase noise performance degradation under random vibration experienced. Hence for stabilizing the phase noise performance of reference source mounted inside unit under test (UUT) module is important for reduction of its G-sensitivity nature. G-sensitivity reduction is achieved in two phases in present article. It is very much dependent on its spatial location as well as stabilization techniques. The finest spatial location (center of gravity) for mounting position of reference source is determined by using structural analysis method. Performance stabilization is achieved by two different techniques i.e. Mechanical and Electrical [5].

[bookmark: _GoBack]i). Structural Analysis
UUT structural analysis needs to be done to find out center of gravity for mounting of reference source and trying to filter out UUT resonance out of random vibration frequency spectrum profile. It avoids magnification of UUT resonance pickups during testing of Phase noise performance with in vibration spectrum profile as shown in Fig. 7. From Fig. 7, it is observed that the standalone housing of UUT having self-resonance at 1.4 KHz. It demands further modifications (i.e. positional weight analysis, physical profile alteration etc.) in present UUT to filter out self-resonance out of random vibration profile.
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Fig.7. UUT resonance pickup
ii). Stabilization of Reference source
a). Mechanical Stabilization
Vibration isolators (dampers or special class of rubber) are used to isolate reference source from UUT in which PLL system resides inside. It gives free floating stress less assembly to reference module which makes reference source to experience lesser level of vibration in comparison to vibration level experienced by UUT. Fig. 8 shows an implemented arrangement of reference source assembly.  Selection of vibration isolator is very critical as these are vibration profile dependent special class of rubber; also make sure that it qualifies other environmental test profiles requirements i.e. temperature, shock, acceleration, humidity, etc. To check the effective performance improvement with vibration isolators, vibration sensors has been used to access reduction in intensity level (PSD) or damping effect of random vibration on reference source. Fig. 9 shows a very significant improvement in damping effects by mechanically stabilizing it [6]-[8].
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           Fig.8. Reference source assembly with vibration isolators 		      Fig.9. PSD damping effect of mechanical stabilization
b). Electrical Stabilization
Apart from mechanical compensation electrical stabilization is also required which can be achieved by taking following point into consideration while designing PLL system.
· Decoupling: Use capacitors on supply voltage and charge pump supply lines because these are most vulnerable to noisy signals, Use of tantalum capacitors of 10uF, 1uF, 0.1uF, 100pF and 1kpF at the supply to the reference source.
· Use Electrolytic capacitor in UUT Power supply for filtering.
· Use DC-DC converters for better phase noise performance making sure their switching frequencies are not lying within vibration profile spectrum.
· Use Low noise Voltage Regulators for better phase noise performance. Make sure their ripples are not lying within vibration profile spectrum.
· Layout design: Protect charge pump supply lines and VCO tuning voltage lines from noisy signals (can be done by making these traces short (max 6 mm length) and as close as possible to the PLL chip).
· Use isolated routing of reference source output to PLL IC with shield protected co-axial cable so that conducted and radiated pickup during random vibration testing can be minimized.
· Avoid the effect of acoustic noise and external vibration in the test chamber.
· Secure the RF and power supply cables to minimize bending and strain due to vibration. It is also important to shield the power connectors of UUT for avoiding electromagnetic interference.
· Ground loops interact with magnetic and electric field generated by the vibrating actuator. Minimizing the ground loops is of utmost importance for accurate measurements [2].
5 |Precaution to Be taken during Random vibration testing
· Vibration jig Platform Fixture:
Vibration jigs are specially designed as per the profile requirement for UUT. It plays critical role during random vibration testing mode. It must transfer uniform level of vibration effect on UUT and this effect can be monitored by using vibration sensors placed on jig platform.
· Sensors Mounting:
Use good quality monitoring sensors to see the misalignment between applied input profile and profile presented on the surface of the jig. Fig. 10 shows misalignment between input and output feedback profile (which was monitored by sensors).There are many reasons for such type of errors i.e. Improper fixing of jig on vibration actuator, use of incorrect profile of jig, and loose mounting of sensors. After making the appropriate changes in setup the output profile will follow the input profile curve as shown in Fig. 11.
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                 Fig.10. Halt condition of random vibration profile                                     Fig.11. Typical random vibration profile
· Take a proper precaution that there should not be any physical contact of reference source assembly with UUT during random vibration test because many times it is observed the reference source assembly touches main module. 
· Use of potting is recommended for leaded electronic components because their leads may breakdown during harsh vibration testing conditions [2].
6 | Practical Phase Noise Performance Results
This section shows practical phase noise performance stabilization results achieved during three axis random vibration. As discussed in earlier section X-band signal is generated by using an output of PLL in S Band and frequency multiplier. This PLL uses 100 MHz reference source. 
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(i)                                                                                       (ii)
Fig.12. Ambient phase noise performance of i) Reference signal ii) X-band signal
From equation 1 and 2 it is concluded that ~ 38 - 42 dB phase noise degradation factor implies on transforming 100 MHz signal into X-band (8-12GHz) signal. Ambient phase noise performance of reference signal and X-band signal is shown in Fig.12 (i) and (ii) respectively at three offset frequency points i.e. 100 Hz, 1 KHz, and 10 KHz. The reference signal having phase noise of -109  dBc/Hz,  -131 dBc/Hz, and -138 dBc/Hz while X-band signal having phase noise of -70 dBc/Hz, -96 dBc/Hz, and -95 dBc/Hz at three offset frequency points respectively.
The phase noise of the signal is very sensitive to any physical disturbance. Random vibration of high g-value affects the phase purity of a piezoelectric material reference source.  As reference source clocking PLL any occurrence of phase fluctuation gets directly translated into X-Band signal. Fig. 13(i) and (ii) shows phase noise performance degradation pattern during random vibration of high g-value (7.5g) at an offsets of 100Hz, 1 KHz and 10 KHz for 100MHz and X-band signal respectively. From Fig.13 it is concluded that the phase noise performance significantly degrades as compared to ambient condition at an offsets of 100Hz, 1 KHz and 10 KHz by ~ 50, ~45 and ~15 dB respectively. 
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(i)                                                                            (ii)
Fig.13. Phase noise degradation i).Reference signal ii). X-band signal
  Implemention of structyral analysis method for spatial analysis and stabilization techniques ( i.e. mechanical and electrical ) is suggested in this article while designing reference source module. This implementation have significant impact in improvement of phase noise stabilization during all three axis random vibration of UUT. Fig. 14, 15 and 16 shows results of phase noise performance of reference source of 100MHz and X Band signal under random vibration environment of high g value (7.5g) [9].
i).X-axis random vibration
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(i)                                                                              (ii)
 Fig.14. Inset X-axis phase noise performance i) Reference signal ii) X-band signal
ii). Y-axis random vibration
[image: ][image: ]Phase noise under random vibration with stabilization in 
Y-axis


Phase noise under random vibration with stabilization in 
Y-axis
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Fig.15. Inset Y-axis phase noise performance i) Reference signal ii) X-band signal
iii).Z-axis random vibration
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Phase noise under random vibration with stabilization in 
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Fig.16. Inset Z-axis phase noise performance i) Reference signal ii) X-band signal

Table I and II summarizes comparison of phase noise results achieved before and during (with or without stabilization mechanism) random vibration for reference source and its consequents effects of improvement and degradation in X-band signal under high random vibration of 7.5g.
TABLE I
	Offset Freq.
	PV
(dBc/Hz)
	DVS
(dBc/Hz)
	DVWS
X-axis (dBc/Hz)
	DVWS
Y-axis
(dBc/Hz)
	DVWS
Z-axis
(dBc/Hz)

	@100Hz
	-109
	-61
	-108
	-106
	-104

	@1KHz
	-131
	-67
	-123
	-130
	-132

	@10KHz
	-138
	-121
	-135
	-136
	-135


Reference source random vibration results, PV – Pre Vibration, DVS - During Vibration without stabilization, DVWS- During vibration with stabilization

TABLE II
	Offset Freq.
	PV
(dBc/Hz)
	DVS
(dBc/Hz)
	DVWS
X-axis (dBc/Hz)
	DVWS
Y-axis
(dBc/Hz)
	DVWS
Z-axis
(dBc/Hz)

	@100Hz
	-70
	-31
	-69
	-67
	-64

	@1KHz
	-96
	-41
	-81
	-84
	-83

	@10KHz
	-95
	-78
	-97
	-96
	-98


X-Band random vibration results
7 | CONCLUDING REMARKS 
Structure-borne vibration is routine for many applications, causing degradation in phase noise performance of several systems. In this article, various design techniques, stabilization methods and precautions are presented for improved phase noise performance. This stabilization approach is verified experimentally to get better phase noise performance under different vibration conditions. This leads to design of a robust and improved PLL phase noise system, that makes it suitable for electronic and airborne warfare applications and other applications where the effects of acceleration or vibration affect the purity of output signal.
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