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1 Introduction

Two different filtering schemes can be considered for the on-board transponder:

· Filtering_1:  for on-board regenerative approach (see section 2)   

· Filtering_2:  for the transparent approach (see section 3)
Section 4 indicates the TX HPA amplifier non-linearity. For BepiColombo, at present different TT&C sub-system solutions are under investigations both for the X and Ka-band link. However for analysis and simulation purpose the 35 Watt K-band TWTA has been considered. It represents the current baseline for BepiColombo K-band down-link.     

This document has been prepared using the data provided by Alcatel Alenia Space Italia (Rome) in the frame of the contract for the predevelopment of the BepiColombo transponder.

Note – These proposed on-board characteristics (in terms of linearity, gain flatness, 3 dB bandwidth, group delay variation, etc.) are the same used by ESA in internal analysis/simulation (see SLS-RNG_05-03) and provided to EuroConcepts in the frame of the contract for the analysis/simulation of the overall end-to-end ranging channel (see SLS-RNG_05-06). Regarding the amplifier non-linearity, only the 35-Watt TWTA has been considered, it represents the worst case when compared to the SSPA approach. 
Analysis, simulation and testing activities are still in progress. The finalization of these requirements is expected when all the above activities will be concluded: the BepiColombo predevelopment transponder will be tested during the second half of 2006.     
2 Filtering_1 (Regenerative approach)
The Filtering-1 scheme is mainly based on SAW filter technology. This can be considered as the on-board main filter for the overall PN ranging performances evaluation. The on-board transponder will include two of them: one on the RX side and one on the TX side. Their preliminary specifications are reported in Table 2-1.

Note that the TX SAW filter has a direct impact in the evaluation of the return link performances (acquisition/tracking performances at the ground station), while the RX for the on-board ranging processing for ranging sequence regeneration (on-board acquisition/tracking).

At present we do not have a measurement of the overall RX and TX chain in terms of amplitude and phase response versus frequency, but we can propose some data of the SAW filters planned to be used in the predevelopment model of BepiColombo transponder (EM). Para.2.2 shows a general analysis for the evaluation of the impacts of the SAW filter in terms of phase (group delay) ripple.

	Tx Filter

	Parameter
	Value
	Unit
	

	Centre Frequency
	315,7
	MHz
	Defined

	Insertion Loss (Note 1)
	12
	dB
	Maximum

	Amplitude Ripple 312.2 MHz to 319.2 MHz (note 1)  
	0,2
	dB 
	Maximum

	Amplitude Slope 312.2 MHz to 319.2 MHz
	±0.1
	dB/MHz
	Maximum

	1 dB Bandwidth               
	7,0
	MHz
	Minimum

	3 dB Bandwidth           
	7,5
	MHz
	Maximum

	50 dB Bandwidth            
	12,0
	MHz
	Maximum

	Phase Ripple 312.2 MHz to 319.2 MHz (note 1) 
	6
	deg P-P
	Maximum

	Group delay ripple 
	30
	nS P-P
	Maximum

	Triple Transit Suppression
	60
	dB 
	Minimum

	Input /Output VSWR (Note 2)
	2:1
	 
	Maximum

	Temperature Range 
	-35 to 70
	°C
	 

	Package 
	13.3 mm LCC
	 
	 

	   

 

	Rx Filter

	Parameter
	Value
	Unit
	

	Centre Frequency
	124,4
	MHz
	Defined

	Insertion Loss (Note 1)
	12
	dB
	Maximum

	Amplitude Ripple 121,3 MHz to 127,3 MHz (note 1)  
	0,4
	dB 
	Maximum

	Amplitude Slope 121,3 MHz to 127,3 MHz
	±0.1
	dB/MHz
	Maximum

	1 dB Bandwidth             
	6,0
	MHz
	Minimum

	3 dB Bandwidth
	6,6
	MHz
	Minimum

	50 dB Bandwidth
	8,0
	MHz
	Maximum

	Phase Ripple 121,3 MHz to 127,3 MHz (note 1)  
	6
	deg P-P
	Maximum

	Group delay ripple 
	30
	nS P-P
	Maximum

	Triple Transit Suppression
	60
	dB 
	Minimum

	Input /Output VSWR (Note 2)
	2:1
	 
	Maximum

	Temperature Range 
	-35 to 70
	°C
	 

	Package 
	13.3 mm LCC
	 
	 


	Notes:
	 
	 
	 

	1) Peak to adjacent valley
	 
	 
	 

	2) Matching external to SAW package
	 
	 
	 


Table 2-1 – BepiColombo SAW filters requirements

2.1 SAW Amplitude Response
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Fig.2-1.A
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Fig.2-1.B
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Fig.2-1.C
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Fig.2-1.D

2.2 2.2-SAW Phase Response 
Regarding the phase response, for the in-band evaluation it is enough to know the triple time transit.

The signal phase shift variation due to carrier frequency change is mainly due to the SAW filtering, both on the receiving and transmitting paths. In its simplest form, a transversal SAW filter consists of two transducers with interdigital arrays of thin metal electrodes deposited on a highly-polished piezoelectric substrate such as quartz or lithium-niobate (Figure 2-2.A). The electrodes that comprise these arrays alternate polarities so that an RF signal voltage of the proper frequency applied across them causes the surface of the crystal to expand and contract. This generates the Rayleigh wave, or surface wave, as it is more commonly called.
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Figure 2-2.A Transversal SAW filter configuration
These interdigital electrodes are generally spaced at 1/2 or 1/4 wavelength of the operating center frequency. Since the surface wave or acoustic velocity is 10-5 slower than the speed of light, an acoustic wavelength is much smaller than its electromagnetic counterpart. For example, a CW signal at 100 MHz with a free space wavelength of three meters would have a corresponding acoustic wavelength of about 30 microns. This results in the SAW’s unique ability to incorporate an incredible amount of signal processing or delay in a very small volume.

As a result of this relationship, physical limitations exist at higher frequencies when the electrodes become too narrow to fabricate with standard photo-lithographic techniques and at lower frequencies when the devices become too large. Hence, at this time, SAW devices are most typically used from 10 MHz to about 3 GHz.

The SAW filter phase response is determined by the triple-transit effect. The triple-transit signal occurs when part of the acoustic energy is regenerated or reflected by the output transducer back towards the input where it is again reflected, sending a wave back to the output. This signal finally leaves the output having been attenuated by an amount roughly equal to twice the insertion loss plus a few dB. 

This spurious signal experiences a time delay equal to 3T where T is the delay of the desired signal on the crystal from input to output (see Figure 2-2.B). 
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Figure 2-2.B SAW filter time domain response 

This result in a periodic pass-band ripple, whose frequency is the reciprocal of 2T, the difference in delay of the two signals. This ripple appears in both the phase and delay responses as well.

To understand how the triple-transit response causes a phase ripple, consider a frequency domain transfer function of the SAW filter. The input, single-transit output and triple-transit output are represented by phasors. All the phasors are normalized to the input phasor amplitude having a reference phase equal to zero (Figure 2-2.C).
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Figure 2-2.C Phasor representation of SAW input and outputs
The single-transit output magnitude is smaller than the input due to the path loss as the wave propagates across the substrate. The phase of the single-transit output is shifted relative to the input phasor due to the distance the surface wave travels across the substrate. The triple-transit response is even lower in magnitude suffering the path loss of two additional transits before returning to the output transducer again. Its propagation delay is three times that of single-transit and its phase shift is proportionately larger.

The net output is the vector sum of the single-transit and triple-transit outputs, i.e.:
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where:

· 
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= output phasor (normalized to input amplitude)

· A1 = single-transit amplitude (normalized to input amplitude)

· A2 = triple-transit amplitude (normalized to input amplitude)

· T = single-transit propagation delay

· ( = frequency in rad/s

The output phasor 
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can be expressed as:
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being A(() and ((() the output amplitude and output phase, respectively. Developing the expression (2-2.1), we find:
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from which:
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Using that A2/A1 <<1, we have:
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From the last relationship we can derive the phase ripple (((() as:
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The phase ripple (((() is plotted versus frequency in Figures 2-2.D and E assuming
:

· T = 1 (s (i.e. single-transit delay)

· A2/A1 = 50 dB  (i.e. triple-transit suppression)

· f=130 MHz(250 kHz for the SAW filter in the Rx side 

· f=400 MHz(300 kHz for the SAW filter in the Tx side 

Note that typically the triple-transit suppression is nearly equal to 60 dB, therefore there is a margin of 10 dB in the analysis presented hereafter.
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Figure 2-2.D Rx-SAW filter: phase ripple vs. frequency
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Figure 2-2.E Tx-SAW filter: phase ripple vs. frequency

3 Filtering_2 (TransparentApproach)
Regarding this filtering approach we describe:

· In para.3.1 the transponders filtering approach as proposed at present for BepiColombo
· The proposed specification from the CCSDS Draft WHITE BOOK for the Transparent PN Ranging approach.   

3.1 Transponder filtering (Bepicolombo)
In this case two filtering actions shall be considered: 

· The RX/TX SAW filter as indicated in the previous paragraph (Filtering-1)

· The base-band filtering inside the DSP as shown hereafter.

The cascade of these two filters composes the overall filtering action; of course in this case the base-band digital filter represents the main affect. 

Note: this ranging channel (para.3.1.1) has been designed to support the classical transparent approach for the ESA ranging standard (see ECSS-E-50-02). Now we have the following questions: 

· Can this channel filtering be applied for PN transparent approach as well? 

· Which are the expected performances in this case?

3.1.1 Base-band filtering as proposed for Bepi-Colombo   

The transparent ranging channels processes the carrier quadrature samples according to the following steps (Figure 3.1.1-A):

· polyphase decimation filtering;

· high-pass filtering using an Interpolated Finite Impulse Response filter (IFIR);

· all-digital automatic level control (ALC) based on a true-rms estimator;

· polyphase interpolation filtering.

The ranging channel output is converted and then routed to the digital modulator for down-link digital phase modulation. The modulation index setting accuracy is less than 1°.

In what follows an overview of the filtering techniques envisaged for the transparent ranging channel is provided.
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Figure 3.1.1-A Transparent ranging channel

Decimation Filter

The decimation filtering reduces the sampling frequency by a factor-of-two and it is implemented using the polyphase approach. The filter taps have been optimized according to the following system-level requirements (see § 4.4.6 in ECSS-E-50-02):

· Ranging tone frequency: ft = 1.5 MHz;

· The amplitude response shall be +/-0.5 dB from 0.3ft to 1.7ft;

· The attenuation of the ranging channel at 0.1ft and 1.9ft shall be less than 3 dB;

· The one-sided noise bandwidth shall be less or equal to 2.5 ft.

The decimation filter has been designed obtaining the frequency response reported hereafter. Note that applying a 8-bit taps quantization does not lead to a significant performance degradation.
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Figure 3.1.1-B Decimation filter: frequency response (1/2)
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Figure 3.1.1-C Decimation filter: frequency response (2/2)

The decimation filter impulse response is reported in the following plot (odd-numbered tap are implemented in one of the two polyphase branch, even-numbered taps are implemented in the other). 
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Figure 3.1.1-D Decimation filter: impulse response

Numerical integration of the frequency response in Figure 4.4.2.3-2 indicates that the Decimation Filter noise bandwidth is less than 3 MHz (spec. (3.75 MHz).

High-Pass Filter

The high-pass filtering is performed by means a FIR filtering which ensures a linear phase response. In order to reduce the filter complexity and to save power, the high-pass filter is designed using the IFIR approach. The basic idea behind the IFIR technique is to construct the filter as a cascade of two FIR sections obtaining the following transfer function:
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where 
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 is referred to as the model filter and 
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is referred to as interpolator filter. The model filter generates a sparse set of impulse response values with every Lth sample (L is the interpolation factor) non-zero and the interpolator performs the interpolation and attenuates unwanted replicas of the pass-band.

Once the prototype low-pass IFIR filter has been designed the required frequency response is obtained by means the frequency transformation method.

The IFIR high-pass filter has been designed on the basis of the following requirements:

	Sampling frequency: F1 (after decimation filtering)

Stop-band cut-off frequency = 9.25 kHz

Pass-band cut-off frequency = 420 kHz

Stop-band ripple = 40 dB

Pass-band ripple = 0.5 dBpp


Table 3.1.1-1 IFIR high-pass filter specification

The requirement in the above table determines a model filter complexity corresponding to 21 taps. The IFIR high-pass filter overall block diagram is reported hereafter (L=2 in the proposed design).
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Figure 3.1.1-E High-pass IFIR block diagram
The High-Pass Filter frequency response is reported in the following plots.
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Figure 3.1.1-F High-Pass filter: frequency response (1/3)
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Figure 3.1.1-G High-Pass filter: frequency response (2/3)
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Figure 3.1.1-H High-Pass filter: frequency response (3/3)

Interpolation Stage

The interpolation stage is needed to increase the sampling frequency from F1 up to 4F1, being 4F1 the clock frequency used for transmitter DDS. 

The interpolation is based on polyphase technique. The input signal x(n) is expanded in sampling rate by a factor L (L=4 in our case) by filling in L-1 zero-valued samples between each pair of samples of x(n) (zero-stuffing) to produce the signal w(m). The spectrum of w(m) contains not only the baseband spectrum of x(n), but also periodic repetitions (images) of this spectrum centered around Fs/L, being Fs the final sampling rate. The low-pass filter h(m) attenuates these images to produce the desired output y(m) and therefore it must approximate the ideal low-pass characteristic (brick-wall response) with cut-off frequency equal to Fs/L. 

An efficient way to implement the low-pass filter h(m) (prototype filter), is to exploit its polyphase representation, according to the block diagram in Figure 2-9. The coefficient, or impulse responses, of the polyphase filters correspond to sampled and delayed versions of the impulse response of the prototype, i.e.:
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Figure 3.1.1-I Interpolator based on polyphase technique
In practice, the up-sampler and the delay lines following the polyphase filters are implemented as a multiplexer working at the final sampling rate Fs, while the polyphase filters run at Fs/L. Therefore, the polyphase approach leads to a reduction in power consumption by a factor of L with respect to the direct implementation of the relevant prototype filter.
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Figure 3.1.1-L Practical implementation of 1-to-L interpolator based on polyphase technique
The simulated polyphase interpolator frequency response and impulse response are reported in the following plots.
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Figure 3.1.1-M Interpolation filter: frequency response (1/2)
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Figure 3.1.1-N Interpolation filter: frequency response (2/2)
[image: image37.wmf]0

5

10

15

20

25

30

-20

0

20

40

60

80

100

120

140

INTERPOLATION FILTER -- IMPULSE RESPONSE


Figure 3.1.1-O Decimation filter: impulse response
Summary

The following table summarizes the Transparent Ranging Channel main features:

	Parameter
	Simulation Results

	Noise Bandwidth
	< 3 MHz

	Amplitude Response (0.3ft(1.7ft)
	

	Decimation Filter
	0.6 dBpp

	High-Pass Filter
	0.8 dBpp

	Interpolation Filter
	0.3 dBpp

	Overall (rms)
	1 dBpp

	Attenuation
	

	@ f = 0.1ft
	8 dB

	@ f =1.9 ft
	2.8 dB

	Telecommand Echo Rejection
	> 70 dB


Table 3.1.1-2 Transparent ranging channel: summary

3.2 Specification from the Draft WHITE BOOK (CCSDS Ranging working group for PN ranging)
· Ranging channel non lineraities 
    

· In-band group delay variation (TBC) - For minimization of spectral distortion, the end-to-end in band group delay variation of the ranging channel shall be constant to within +/- 1/(30*
[image: image38.wmf]Fchip

) in the range from (
[image: image39.wmf]Fclock

/4) to (7*
[image: image40.wmf]Fclock

/4).   

· Gain flatness (TBC) - The end-to-end in band gain deviation from an ideally flat gain shall be constant to within +/- 0.5 dB in the range from (
[image: image41.wmf]Fclock

/2) to (3*
[image: image42.wmf]Fclock

/2).
·   3-dB Bandwidth (TBC)

The –3dB frequencies shall be below (
[image: image43.wmf]Fclock

/4) and above (7*
[image: image44.wmf]Fclock

/4) from the carrier.
· One-side Noise bandwidth (TBC)
 The one-side noise bandwidth shall be ( 2.5*
[image: image45.wmf]Fclock

.  

4 Amplifier non-linearity
4.1 Introduction

In the frame of the performance evaluation of the selected PN ranging codes for on-board regeneration, the influence of the on-board transmit high power amplifier on the PN ranging performances is an important factor to be taken into account. In general, the influence of the amplifier can be characterised by its AM/AM and AM/PM behaviour. These characteristics are usually given in terms the input back-off (IBO) versus output back-off (OBO) and IBO vs. the phase shift. 

Note -- The distortion of the PN ranging sequence by the amplifier can be relatively easy simulated using two look-up tables which model the AM/AM and AM/PM behaviour: the signal input amplitude is linked to the output amplitude and the output phase shift. Interpolation is applied if the signal input amplitude falls in between two table input values. The signal at the output of the amplifier is then rebuild with this new amplitude and phase. 
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Fig.4.1-A AM/AM and AM/PM simulation block diagram

The following figure describes the BepiColombo functional block diagram for the Radio Frequency Subsystem. We have two units both implementing the PN ranging function: the X/X/Ka Deep Space Transponder (DST) and the Ka-band Transponder (KaT). The PN ranging function will be implemented for the following links:

· X/X through the X/X/Ka DST unit

· X/Ka through the X/X/Ka DST unit

· Ka/Ka through the KaT unit

[image: image53]Fig.4.1-B BepiColombo Radio Frequency Subsystem Functional Block Diagram

Currently we have two different approaches for the X-Band High Power Amplifier (HPA). One solution is based on the X-Band TWTA, while there are also other proposals indicating the use of an SSPA. At present the system trade-off activity is still running and a final decision has not been taken. 

4.2  X-Band SSPA
In this section, the AM/AM and AM/PM behaviour of an X-band SSP amplifier are presented.

The figure below shows typical AM/AM and AM/PM curves for a 12-Watt X-band SSPA. Based on this data, also a table with IBO vs. OBO and IBO vs. phase shift is provided.  For an SSPA, the reference (i.e. normal working point) is not saturation but the 2 dB compression point. In the table below, the 2 dB Gain Compression Point  is taken as the reference for IBO/OBO = 0dB.

Note -- Although the curves in the next figure indicate it is a 12 W SSPA, the same behaviour (but off course properly scaled) can also be assumed for a 25W SSPA
 without big error.
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Fig.4.2-A X-band SSPA AM/AM and AM/PM
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Table 4.2-1: AM/AM and AM/PM behaviour of X-band SSPA

4.3  X-Band TWTA (17 Watt)
In this section, the typical AM/AM and AM/PM characteristics of a X-band TWT amplifier are presented. The results are obtained through testing of the amplifier around 8375 MHz. (Ps sat = 17.5 W)

[image: image49.png]8375 Wiz

A4/ TRANSFER

PE/PR AT
ta)

-25.000
33ean
ey
Erer
Ti9oae
Tigieer
i
S
T3s
S5io3
s
e
Siase
i
e
159
20838
2530
ESt
3%
366
393
357
308
308
3521
P
s
e
%8s
5007
2132
7450
8605
5%
2364

ps/ps sxr

(am)

-15.265
Salem
e
oirze
Sles
e
7liss
eliss
s
i
Sk
2i3s
R
Taes
im0
e
Zlop3
sty
el
143
v
176
v
206
i)
235
350
275
283
300
308
08
5
11000
Toas
N





Table 4.3-1: AM/AM behaviour of X-band TWTA
[image: image50.png]8375 MHz PHASE SHIFT vs INPUT DRIVE
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Table 4.3-2: AM/PM behaviour of X-band TWTA
Note that (due to the link requirements) the BepiColombo X-Band TWTA shall provide a higher output power; however we can expect almost the same behaviour in terms of normalized AM/AM and AM/PM non linearity.    
4.4 Ka-Band TWTA (35 Watt)
In this paragraph, the typical AM/AM and AM/PM characteristics of a Ka-band TWT amplifier are presented. The results are obtained through testing of the amplifier around 32 GHz, which is close to the downlink TM frequency of BepiColombo.

In this case, the 0 dB IBO/OBO reference point is the saturation point.

	IBO [dB]
	OBO [dB]
	ΔΦ [deg]

	-20
	-12.59
	0

	-19
	-11.47
	-0.02

	-18
	-10.48
	-0.49

	-17
	-9.54
	-0.97

	-16
	-8.63
	-1.63

	-15
	-7.78
	-2.39

	-14
	-6.90
	-3.55

	-13
	-6.02
	-5.02

	-12
	-5.15
	-6.91

	-11
	-4.34
	-9.11

	-10
	-3.58
	-11.74

	-9
	-2.91
	-14.65

	-8
	-2.30
	-17.67

	-7
	-1.75
	-21.09

	-6
	-1.30
	-24.78

	-5
	-0.94
	-28.40

	-4
	-0.69
	-32.22

	-3
	-0.50
	-35.97

	-2
	-0.35
	-39.89

	-1
	-0.21
	-43.67

	0
	0.00
	-47.56


Table 4.4-1 AM/AM and AM/PM behaviour of Ka-band TWTA
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Fig.4.4-A 
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Fig.4.4-B 
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� The plots 2-2.D and E (evaluated by Alenia in the frame of BepiColombo program) indicate the phase ripple close to the carrier only, the reason is the possible impact of phase ripple in radio science experiment (transponder phase stability).  For PN ranging wider ranges must be considered.


�  Requirements needed for the minimization of spectral distortion. 


� This is one of the current analysed solutions for BepiColombo.
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