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	DC
	Direct Current
	
	
	

	EOM
	Electro-Optical Modulator
	
	
	

	NGO
	New Gravitational wave Observatory
	

	LISA
	Laser Interferometer Space Antenna
	

	PSRR
	Power Supply Rejection Ratio
	
	
	

	RF
	Radio Frequency
	
	
	

	SBDL
	Standard Balanced Digital Link
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The purpose of this document is to present the first phase results of the modulator driver, which is the part of the NGO/LISA mission. The document gives the necessary description of the development approach and design results.
[bookmark: _Toc71881171][bookmark: _Toc412137301]Introduction
The modulator driver is a part of the High-power Laser Head for a Gravitational Wave Observatory Mission and serves as a level equalizer and signal coupler to provide the driving electrical signal for the phase EOM.
The modulator driver receives both the sine wave signal of the frequency 2.3 GHz ±0.5 GHz and the digital PN sequence at its input. The levels of the signals are adjusted and coupled and led to the output.
During the design, three possible alternatives were considered:
1. The input level of 10 dBm of the sine wave signal does not give a big power margin to accommodate the insertion loss of the processing circuits and the EOM driving voltage tolerance. Thus, the first design approach included an amplifier at the sine wave path.
2. Due to the high demands on the sine wave signal purity, the band-pass filter was put at the sine wave path. The filter attenuates the undesired spectral components which may be contained in the driver input signal or produced by the amplifier.
3. The final design, which is described in this document, contains neither the amplifier nor the band-pass filter. The decision was made based on the discussion with the prime.
It is worth to mention that the passive coupler was found to be the most suitable solution. The active parts could increase the distortion at the output.
The first chapter introduces the reached device parameters. It is followed by the design and simulation description of the sine wave processing path and the coupler and the PN sequence. The description of the power supply converters is also included. Annex contains printable schematics and bill of materials.
[bookmark: _Toc71881172][bookmark: _Toc412137302]Design Review
[bookmark: _Toc412065352][bookmark: _Toc412137303]Device parameters
	Parameter
	Condition
	Min
	Typ
	Max
	Unit

	Sine wave nominal input impedance
	RF @ 2.3 GHz
	-
	50
	-
	Ω

	Sine wave nominal input power
	RF @ 2.3 GHz
	-
	10
	-
	dBm

	Sine wave bandwidth
	
	1.8
	-
	2.8
	GHz

	Sine wave output level
	
	-21
	-
	9
	dBm

	Sine wave current consumption
	Attenuator @ 3 V supply
	-
	2
	-
	mA

	
	
	
	
	
	

	PN-code nominal input impedance
	DC differential
	-
	6000
	-
	Ω

	
	DC common mode
	-
	8720
	-
	Ω

	
	AC differential
	-
	1120/47
	-
	Ω/pF

	
	AC differential
	-
	1120/47
	-
	Ω/pF

	Input level log. 0
	Differential
	-15
	-
	-0.6
	V

	Input level log. 1
	Differential
	-0.6
	-
	15
	V

	Common mode range
	
	-10
	-
	10
	V

	PN-code output voltage
	Manual attenuator setting
	15
	-
	580
	mVpp

	PN-code delay time
	50 Ω resistive load
	-
	20
	-
	ns

	PN-code rising edge
	50 Ω resistive load
	-
	2
	-
	ns

	PN-code falling edge
	50 Ω resistive load
	-
	2
	-
	ns

	PN-code disconnected state
	Inputs in open circuit
	-
	High
	-
	-

	PN code current consumption
	Converter @ 5 V supply
	-
	20
	-
	mA

	
	Attenuator @ 3 V supply
	-
	2
	-
	mA

	Supply voltage
	Single supply
	-
	15
	-
	V

	Power dissipation
	Input power @ 15 V
	-
	0.4
	-
	W
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Fig. 1: Modulator driver concept
[bookmark: _Toc408315195][bookmark: _Toc408316495][bookmark: _Toc410647982][bookmark: _Toc406579606][bookmark: _Toc408315196][bookmark: _Toc408316496][bookmark: _Toc410647983][bookmark: _Toc406579607][bookmark: _Toc408315197][bookmark: _Toc408316497][bookmark: _Toc410647984][bookmark: _Toc406579608][bookmark: _Toc408315198][bookmark: _Toc408316498][bookmark: _Toc410647985][bookmark: _Toc406579609][bookmark: _Toc408315199][bookmark: _Toc408316499][bookmark: _Toc410647986][bookmark: _Toc406579613][bookmark: _Toc408315203][bookmark: _Toc408316503][bookmark: _Toc410647990][bookmark: _Toc406579617][bookmark: _Toc408315207][bookmark: _Toc408316507][bookmark: _Toc410647994][bookmark: _Toc406579621][bookmark: _Toc408315211][bookmark: _Toc408316511][bookmark: _Toc410647998][bookmark: _Toc406579625][bookmark: _Toc408315215][bookmark: _Toc408316515][bookmark: _Toc410648002][bookmark: _Toc406579626][bookmark: _Toc408315216][bookmark: _Toc408316516][bookmark: _Toc410648003][bookmark: _Toc406579630][bookmark: _Toc408315220][bookmark: _Toc408316520][bookmark: _Toc410648007][bookmark: _Toc406579631][bookmark: _Toc408315221][bookmark: _Toc408316521][bookmark: _Toc410648008][bookmark: _Toc406579635][bookmark: _Toc408315225][bookmark: _Toc408316525][bookmark: _Toc410648012][bookmark: _Toc406579639][bookmark: _Toc408315229][bookmark: _Toc408316529][bookmark: _Toc410648016][bookmark: _Toc406579643][bookmark: _Toc408315233][bookmark: _Toc408316533][bookmark: _Toc410648020][bookmark: _Toc406579644][bookmark: _Toc408315234][bookmark: _Toc408316534][bookmark: _Toc410648021][bookmark: _Toc406579645][bookmark: _Toc408315235][bookmark: _Toc408316535][bookmark: _Toc410648022][bookmark: _Toc406579667][bookmark: _Toc408315257][bookmark: _Toc408316557][bookmark: _Toc410648044][bookmark: _Toc406579674][bookmark: _Toc408315264][bookmark: _Toc408316564][bookmark: _Toc410648051][bookmark: _Toc406579681][bookmark: _Toc408315271][bookmark: _Toc408316571][bookmark: _Toc410648058][bookmark: _Toc406579744][bookmark: _Toc408315334][bookmark: _Toc408316634][bookmark: _Toc410648121][bookmark: _Toc406579751][bookmark: _Toc408315341][bookmark: _Toc408316641][bookmark: _Toc410648128][bookmark: _Toc406579752][bookmark: _Toc408315342][bookmark: _Toc408316642][bookmark: _Toc410648129][bookmark: _Toc406579753][bookmark: _Toc408315343][bookmark: _Toc408316643][bookmark: _Toc410648130][bookmark: _Toc406579754][bookmark: _Toc408315344][bookmark: _Toc408316644][bookmark: _Toc410648131][bookmark: _Toc406579755][bookmark: _Toc408315345][bookmark: _Toc408316645][bookmark: _Toc410648132][bookmark: _Toc406579756][bookmark: _Toc408315346][bookmark: _Toc408316646][bookmark: _Toc410648133][bookmark: _Toc406579757][bookmark: _Toc408315347][bookmark: _Toc408316647][bookmark: _Toc410648134][bookmark: _Toc406579758][bookmark: _Toc408315348][bookmark: _Toc408316648][bookmark: _Toc410648135][bookmark: _Toc406579759][bookmark: _Toc408315349][bookmark: _Toc408316649][bookmark: _Toc410648136][bookmark: _Toc406579760][bookmark: _Toc408315350][bookmark: _Toc408316650][bookmark: _Toc410648137][bookmark: _Toc406579761][bookmark: _Toc408315351][bookmark: _Toc408316651][bookmark: _Toc410648138][bookmark: _Toc406579762][bookmark: _Toc408315352][bookmark: _Toc408316652][bookmark: _Toc410648139][bookmark: _Toc406579763][bookmark: _Toc408315353][bookmark: _Toc408316653][bookmark: _Toc410648140][bookmark: _Toc406579764][bookmark: _Toc408315354][bookmark: _Toc408316654][bookmark: _Toc410648141][bookmark: _Toc406579765][bookmark: _Toc408315355][bookmark: _Toc408316655][bookmark: _Toc410648142][bookmark: _Toc406579766][bookmark: _Toc408315356][bookmark: _Toc408316656][bookmark: _Toc410648143][bookmark: _Toc406579767][bookmark: _Toc408315357][bookmark: _Toc408316657][bookmark: _Toc410648144][bookmark: _Toc406579768][bookmark: _Toc408315358][bookmark: _Toc408316658][bookmark: _Toc410648145][bookmark: _Toc406579769][bookmark: _Toc408315359][bookmark: _Toc408316659][bookmark: _Toc410648146][bookmark: _Toc406579770][bookmark: _Toc408315360][bookmark: _Toc408316660][bookmark: _Toc410648147][bookmark: _Toc406579771][bookmark: _Toc408315361][bookmark: _Toc408316661][bookmark: _Toc410648148][bookmark: _Toc406579772][bookmark: _Toc408315362][bookmark: _Toc408316662][bookmark: _Toc410648149][bookmark: _Toc406579773][bookmark: _Toc408315363][bookmark: _Toc408316663][bookmark: _Toc410648150][bookmark: _Toc406579774][bookmark: _Toc408315364][bookmark: _Toc408316664][bookmark: _Toc410648151][bookmark: _Toc412065354][bookmark: _Toc412137305]Sine wave path
The power of the side bands of phase modulated laser beam by the sine wave should be at least 10% and simultaneously the remaining power of the carrier must not be reduced by more than 12% of the total output power, i.e. the carrier power is defined by the limits of normalized power (1) and (2).
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The single side band phase modulated signal (3) is modulated by the harmonic waveform as expressed in (4), where  is the angle frequency of the modulation signal.
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The equation can be rewritten to the combination of Bessel function of kth order . The carrier power belongs to  and then the carrier power is (5). The Bessel function can be evaluated by the integral formula (6).
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Then the modulation index should be in the range defined by (7) and (8).
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Putting the modulation index to the formula (21) results in the needed voltage range of the sine wave driver (9) and (10).
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Voltages expressed in power to the impedance of 50 Ω is then (14) and (15).
	
	
	(11)

	
	
	(12)

	
	
	(13)
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The RF Coupler (combiner) is designed simple as possible but with very good properties. 

Combiner has three ports:

Port 1 is input port for sine wave signal 2.3 +/- 0,5 GHz,
Port 2 is output port with combined sine wave and PN signals,
Port 3 is input port for PN code signal.
[image: ]
[bookmark: _Ref412055724]Fig. 2 Microstrip layout of the combiner
Combiner’s structure consists of several microstrip stubs and it is shown in Fig. 2.  The capacitor at the input port 1 is 10 pF.  The used substrate is ARLON 870 with the thickness 30 mil.

Operation principle: λ/4 stub (2,3 GHz) with high characteristic impedance ended by two λ/4 stubs with low impedance and open ends together with small coupling capacitance separate enough two input ports. At the output port we get lossless both modulation signals.

Advantages: generally, there are two ways of combining two signals with very different frequencies. Active circuit with two independent input ports and one output port allows such combining. However, active circuitry has beside energy consumption limited dynamic range. In consequence with it the output signal spectrum contains spurious signal components. The active circuits are substantiated only if a gain is needed. We chose solution with passive circuits. For given frequency range microstrip technique is suitable. The designed combiner provides functionality, simplicity and reliability.


Design calculation:
[image: ]
[bookmark: _Ref412055687]Fig. 3 Microstrip size calculation
After calculation of all combiner parts the physical model was created and all dimensions optimized according to simulated properties. Resulted physical model is in Fig. 4.
[image: ]
[bookmark: _Ref412055793]Fig. 4 Physical model of the combiner
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\fig4_1.png]
Fig. 5 s-parameters of the combiner
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\fig5_1.png]
Fig. 6 Low frequency detail of the s-parameters graph
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\driver_schematic_crop.bmp]
Fig. 7: Signals processing schematic
[bookmark: _Toc412065356][bookmark: _Toc412137307]PN-code path
The main tasks of a PN-code converter is to convert the balanced link (SBDL) to unbalanced signal with precisely defined amplitude independently on the input signal amplitude. SBDL also requires defined input impedance.
According to the specification the PN-coded signal should provide phase modulation of laser beam, where the side lobes power is 1% of total laser power. The equation (16) defines phase modulated signal of total power P with carrier frequency , initial carrier phase  and modulation function  of amplitude M. M, also called modulation index, directly defines the amplitude of the PN-code modulation signal.
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	(17)

	
	
	[bookmark: _Ref410647868](18)

	
	
	[bookmark: _Ref410647856](19)


Desired side lobes then have power (19) and the rest is the power of carrier (18). Modulation index is taken from the interval , where  is for suppressed carrier BPSK modulation. Assuming relative total power , the needed modulation index is (20).
	
	
	[bookmark: _Ref410647881](20)


Modulation characteristic of the EOM is defined by (21), where  is the constant voltage to shift laser beam phase about . Assuming the modulator characteristic tolerance about , the range of the PN-code driver output should be in the range defined by (22) and (23).
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Simulation schematic of the PN-code path is a part of Appendix 3. The first stage is the comparator with the matching circuit. The input matching circuit provides the defined input impedance, comparator then converts balanced signal to unbalanced and cleans the signal from noise. Comparator output is matched to 50 Ω RF line. The matching circuit also attenuates the comparator output by about 9.5 dB. The desired output voltage is set by the integrated attenuator which is controlled manually by hard-wired connection and performs attenuation from about 1.5 dB to 33 dB including its insertion loss.
The following section includes the simulation results of the PN-code converter.
In Fig. 8 is a screenshot of the simulation schematic and its bias point setting. The weak hysteresis pulls the comparator output to the defined state when the input port is disconnected. It also prevents oscillations due to weak noise on the comparator input.
[image: D:\Projekty\ESA\Development\Dokumentace\Bias_letter.eps]
[bookmark: _Ref408315736]Fig. 8: Bias point simulation of the PN-code converter
[image: D:\Projekty\ESA\Development\Dokumentace\Transient_amplitude_sweep_letter.eps]
[bookmark: _Ref408315769]Fig. 9: Dependency of the output signal on the input amplitude variation
Dynamic characteristics of the circuits are readable from Fig. 9, where the upper lines are the voltage waveform at the comparator inputs and the lower lines are the converter output. Input signal is for clearness not displayed, but served as a parameter for testing input signal differential voltage range. For all tested values (0.6 V, 2 V, 6 V, 10 V) the circuit is fully functional. The testing signal for the worst case of Manchester code and 1 Mbps data rate is noticeably distorted; the distortion is caused mainly by the AC impedance requirement consisting of the 120 Ω/50 pF in series with input resistance 1 kΩ. The distortion should not cause any output signal distortion but delay.
The influence of the circuit to the falling and rising edges is clear from the details of the transient analysis shown in Fig. 10 and Fig. 11. In the middle of the diagram are shown the input signal waveforms. The signal delay is about 20 ns and is stable for both edges. The used comparator TLV3501 is fast enough to provide extremely fast slope about 2 ns and manufacturer declares that it can perform state change in 4.5 ns.
[image: D:\Projekty\ESA\Development\Dokumentace\Transient_fall_letter.eps]
[bookmark: _Ref408315796]Fig. 10: Output signal falling edge
The circuit should be immune to the common voltage variation in the range from -4 V to 7V. In Fig. 12 is shown the result from the common voltage sweep simulation, where the sweeping source was set to the desired level parameters and the sweeping frequency was tested up to 1 kHz. It is obvious, that the variation has no clear effect to the output signal.
The only visible change of the DC component of the output signal is caused by the power-on settling. The state right after the circuit is powered up and in the next 1 ms is shown in Fig. 13. Due to the capacitance coupling in the signal path, the circuit is immune to slowly varying signals, but causes vanishing DC component at the output after powering up. Such behavior is supposed to be acceptable.
[image: D:\Projekty\ESA\Development\Dokumentace\Transient_rise_letter.eps]
[bookmark: _Ref408315863]Fig. 11: Output signal rising edge
[image: D:\Projekty\ESA\Development\Dokumentace\Transient_CM_sweep_letter.eps]
[bookmark: _Ref408315904]Fig. 12: Dependency of the output signal on the common voltage variation
[image: D:\Projekty\ESA\Development\Dokumentace\Transient_settime_letter.eps]
[bookmark: _Ref408315917]Fig. 13: Settling time after powering up
[image: D:\Projekty\ESA\Development\Dokumentace\Zin_CM.eps]
[bookmark: _Ref408315975]Fig. 14: Frequency characteristic of the common mode input impedance

[image: D:\Projekty\ESA\Development\Dokumentace\Zin_DIF.eps]
[bookmark: _Ref408315985]Fig. 15: Frequency characteristic of the differential mode input impedance
Fig. 14 and Fig. 15 show frequency characteristics of input impedance in both common and differential modes. DC requirements are applicable up to 1 kHz, where the impedance goes down to about 2 kΩ and for higher harmonic components of the input 1 Mbps Manchester coded signal falls to final 1120 kΩ.
[bookmark: _Toc406579778][bookmark: _Toc408315368][bookmark: _Toc408316668][bookmark: _Toc410648155][bookmark: _Toc412065357][bookmark: _Toc412137308]Power supply
Signal circuits of the modulator driver are designed to be powered from the single supply of 5 V and 3 V. Due to the high demands on the low power supply ripple it is common to use linear regulators and relatively low current loads enable this option. The device is supposed to be supplied by the single 15 V and therefore the efficiency is improved by the prepended switching supply.
The LT1777 is a switching buck converter with an integrated switch and a slope controller. The slope controller allows to tune switch current slopes. It minimizes switching noise and the price paid is, as expected, lower efficiency. The converter outputs 7.1 V and is able to give current up to 500 mA and supply whole device.
Low dropout linear regulator LM117 is the second stage on which output is stabilized voltage 5 V. 2 V dropout voltage was chosen to give the regulator chance to perform its power supply rejection ratio (PSRR). The power supply simulation results are shown in Fig. 17 for supply ripple detail and in Fig. 18 for power up behavior. The ripple of the switching supply is at first suppressed by the LC filter and secondly by the PSRR of the regulator, which gives together rejection better than 60 dB. 3 V regulator is used to supply attenuators; the ADM7151 is ultra-high PSRR linear regulator suitable for this application. For better channel separation the PN-code path and sine wave path have its own linear regulators.
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\supply_schematic_crop.bmp]
Fig. 16: Power supply schematic
[image: D:\Projekty\ESA\Development\Dokumentace\supply_transient_detail1_v2_letter.eps]
[bookmark: _Ref406022640]Fig. 17: Power supply ripple
[image: D:\Projekty\ESA\Development\Dokumentace\supply_transient_letter.eps]
[bookmark: _Ref406022643]Fig. 18: Power supply power up characteristics
The power up characteristics in Fig. 18 depends on the time on delay setting and the load. The influence of the load is obviously caused by the temporary current mode of the converter. The LT1777 power up delay is set by the shut-down capacitor at SHDN pin, which keeps the chip turned off till it is charged to 1.26 V through the internal resistance. The delay of the linear regulator follows its dropout voltage.
Table 1: Power supply parameters
	Parameter
	Condition
	Min
	Typ
	Max
	Unit

	Input voltage
	
	-
	15
	-
	V

	1st stage supply
	output voltage @ 10 – 500 mA load
	7.02
	-
	7.14
	V

	
	load
	-
	-
	0.5
	A

	
	ripple @ 10 mA load
	-
	1.06
	-
	mVpp

	
	ripple @ 100 mA load
	-
	2.77
	-
	mVpp

	
	ripple @ 500 mA load
	-
	2.85
	-
	mVpp

	2nd stage supply
	output voltage @ 10 – 500 mA load
	-
	5
	-
	V

	
	load
	-
	-
	0.5
	A

	
	ripple @ 10 mA load
	-
	26.34
	-
	uVpp

	
	ripple @ 100 mA load
	-
	68.52
	-
	uVpp

	
	ripple @ 500 mA load
	-
	76.29
	-
	uVpp

	Efficiency
	5 V @ 10 mA
	-
	18
	-
	%

	
	5 V @ 100 mA
	-
	50
	-
	%

	
	5 V @ 500 mA
	-
	51
	-
	%
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[bookmark: _Toc412137248]Appendix 1 Bill of materials
	Qty
	Value
	Device
	Parts

	2
	10p
	C0805
	C57, C61

	2
	47p
	C0805
	C5, C58

	17
	100
	C0805
	C6, C7, C8, C10, C16, C17, C18, C43, C44, C47, C49, C50, C51, C52, C53, C54, C55

	1
	1n
	C0805
	C63

	1
	2n2
	C0805
	C9

	2
	4n7
	C0805
	C1, C2

	1
	10n
	C0805
	C62

	4
	100n
	C0805
	C13, C14, C19, C23

	3
	100n
	CPOL-EUA/3216-18W
	C3, C4, C45

	1
	1M
	C0805
	C56

	2
	1M/10V
	CPOL-EUA/3216-18W
	C20, C21

	4
	1M/X5R
	C0603
	C33, C34, C37, C39

	5
	10M/10V
	CPOL-EUA/3216-18W
	C22, C31, C32, C41, C42

	6
	10M/X5R
	C0603
	C29, C30, C35, C36, C38, C40

	1
	EEEFK1V470P (47M/35V)
	CPOL-EUD
	C15

	2
	TPSD107K010R0080 (100M/10V)
	CPOL-EUD/7343-31W
	C11, C12

	3
	MBRS1100
	MBRS130LT3
	D1, D2, D3

	1
	LT1777CS
	LT1777CS
	IC2

	2
	ADM7151
	ADM7151
	IC3, IC7

	1
	LM117H
	LM117H
	IC4

	2
	DAT-31R5-PP+
	DAT-31R5-PP+
	IC6, IC9

	1
	TLV3501DBV
	TLV3501DBV
	IC8

	1
	LQH32CN1R0M33
	L-EUL3225P
	L1

	1
	DE1205-150
	DR125
	L2

	1
	DLJ3015-4.7
	VLF3010AT4R7MR70
	L3

	2
	0R
	R0603
	R19, R20

	1
	0R
	R0805
	R8

	2
	10
	R0805
	R39, R52

	1
	18
	R0805
	R54

	1
	75
	R0805
	R28

	2
	100
	R0805
	R1, R3

	2
	120
	R0805
	R5, R6

	1
	150
	R0805
	R27

	1
	240/1%
	R0805
	R11

	2
	270
	R0805
	R56, R57

	1
	750/1%
	R0805
	R12

	10
	1k
	R0805
	R24, R25, R29, R30, R31, R32, R40, R43, R44, R45

	2
	1k2
	R0805
	R41, R42

	12
	10k
	R0805
	R33, R34, R35, R36, R37, R38, R46, R47, R48, R49, R50, R51

	4
	10k/1%
	R0603
	R17, R18, R21, R22

	1
	12k
	R0805
	R7

	2
	12k/1%
	R0805
	R10, R15

	3
	15k
	R0805
	R2, R4, R23

	1
	47k/1%
	R0805
	R9

	1
	1M
	R1206
	R26

	2
	 
	MA06-2
	SV1, SV2

	2
	SMA
	SMA-142-0701-801/806
	X1, X2


“M” in capacitor values stands for μF.
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\BOM\supply_schematic.bmp]
[bookmark: _Toc412137249]Appendix 2: Power supply schematic
[image: D:\Projekty\ESA\Development\Dokumentace\150218_dokumentace\BOM\driver_schematic.bmp]
[bookmark: _Ref406572202][bookmark: _Toc412065168][bookmark: _Toc412137250]Appendix 3: Signal processing schematic
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