The CDG2000 High Performance Transceiver (Part 5)

The Synthesizer

The synthesizer is critical to the operation and performance of the transceiver. It provides the local oscillator on transmit and on receive.

It is required to provide an output signal that can drive the 74 AC series logic divider in the H mode mixer[1]. This signal must have as little phase noise as possible and must be crystal derived for stability and accuracy. It is controlled by the main CPU and must be capable of being set to any frequency in the range 46 to 78 MHz. Whilst this may appear to be a 32 MHz range and therefore capable of covering the whole of the HF spectrum, remember that there is a divide by 2 in the mixer – so for a 30 MHz range we would require a VCO swing of 60 MHz. This is avoided by using a programmable divider in the VCO output circuit. This can be seen in Figure 1, which shows a block diagram of the synthesizer.

By using low as well as high side local oscillator injection, an even narrower VCO range is possible but is not used here. The controller software does however support this if you wish to experiment with it.

The heart of the synthesizer is the VCO. This has 4 ranges controlled by the 2 control lines from the I2C bus interface which give overlapped coverage from 46 to 78 MHz. The output of the VCO takes three paths, two of which lead to the output. The signal can either be passed to the output via a multiplexer or it can first be divided by 2,3, 4 or 5. This ratio can be changed to any value up to 15 if the design is used for other purposes but this is unnecessary for CDG2000. The other path taken by the VCO signal is into the phase locked loop. Before this, however, it is divided by 512 using a divide by 4 and a divide by 128. This gives a frequency in the range 90 to 152 kHz which is phase locked to a signal from a Direct Digital Synthesizer (DDS) at the same frequency. The control signal from the Phase Comparator is filtered and amplified by the loop filter before being passed to the VCO varicaps through a final low pass filter.

The completed unit is, like other CDG2000 modules, constructed on a 160 x 100 mm Eurocard which may be fitted into a tinplate box as shown in picture 1. If the unit is otherwise screened, for example by being fitted into a rig that offers screening by other means such as a ‘bookcase’ style of construction, then this is unnecessary. What is essential however is the extra screening around the VCO, provided by a small diecast box. This can also be seen in the photograph. Also visible in the photograph is a small heatsink connecting the two voltage regulators to the side of the box. Picture 2 shows the partially constructed unit without screening or heatsink. The VCO coils can be seen at the bottom right hand corner of the board and the perceptive reader will notice the lack of components in the vicinity of the VCO – that is because the majority of the VCO is constructed of surface mount components which are situated on the bottom of the PCB as shown in picture 3 – a close-up of the VCO.

The Circuit

The full circuit diagram of the synthesizer is shown in figure 9. Before we embark on a detailed description though, a few points need to be made – to give credit where it is due. Colin Horrabin G3SBI sent notes on a novel tank VCO design to Pat Hawker who published them in  Rad Com [2]. Learning from earlier designs of VCOs[3], Colin produced an inherently low noise design capable of excellent performance where a second coil acted as a Q Multiplier giving a 30 dB per decade noise reduction. Remember from the overview to CDG2000[4] that there is no point trying to use the PLL to ‘clean up’ a noisy VCO as this will inevitably let through to the VCO the DDS spurii. This has been well covered in the literature[5]. Even exceptional DDS designs such as the newest Analog Devices products with spurious products of –97 dBc are inadequate for the performance levels we seek[6]. This VCO design was picked up by John Thorpe, the designer behind the excellent AOR7030 receiver who developed it into a productised design that was repeatable. He also moved away from the PCB inductors used by Colin in his prototype design. It is this VCO that we used and are indebted to John for the permission to repeat his circuit here. The excellent performance of the VCO is easy to see from the phase noise in the reviews of the AOR7030 [7].

So, let us now embark upon a detailed review of the design.

The VCO, as has been noted, has been described in Technical Topics [2]. Specifically it is a dual tank VCO. The two tank circuits (L1 & L2 plus associated capacitors) are tuned to the same frequency. They swing over their range by virtue of the varicaps D2 & D3 on each tank. Four ranges are provided, selected by a binary code on the two switch inputs to the VCO. These cause transistors TR8 & TR9 to switch in additional capacitance  The switching is effected by a parallel pair of diodes D8/9 & D10/11 to reduce losses and maintain operational Q.

The VCO tuning ranges are shown in figure 2. 

The output of the VCO is buffered by IC6 and converted to a logic level signal. The astute reader will notice that the device used to do this has an individually decoupled and filtered supply line. The same is true for many of the other logic devices used. This is because an AC logic gate, as used here, is not just a logic gate – it is a very effective non linear mixer/modulator and stray noise on either a logic input tied high or on the power rail will manifest itself as phase noise on the output signal. Care also needs to be exercised over the supply to the loop filter / amplifier. Very clean 20V and 8V rails are needed. This is achieved by heavy filtering of voltages delivered by monolithic regulators Reg1 & Reg3.

The buffered signal is either passed directly to the output via IC11 or it is divided first by IC10. This allows the output to be either the VCO or the VCO divided by 2 to 5. The divider is a synchronous device (essential to minimize phase noise) and may be used for other ratios by tieing the programmable divider ‘load’ inputs as required. 

The selection of the divide ratio, multiplexer and VCO control is effected by means of a parallel interface from an I2C interface chip (IC9). This accepts serial command data from the controller and outputs the appropriate signals. It also detects the phase lock signal from the PLL so that it may be read by the controller. A bit map showing the function of the output bits (0 to 7) from the PCF8574 is shown in Table 1. The operation of I2C is not addressed here but in précis it comprises a two wire interface (clock and data) that allow a master device, in this case the controller, to address a number of parallel connected slave devices and read from or write to them. For further information, refer to the PCF8574 datasheet [9].In the case of the synthesizer, the controller writes to the PCF8574 which allows it to set the states of 6 control lines and to read the state of the PLL lock signal. Each I2C device has a unique address and for the synthesizer the address is 0x4A if a PCF8574 is used or 0x7A if a PCF8574A is used.

The VCO signal is divided by 512 by IC7 and IC8. The resultant signal is passed to one comparator input of IC5, a 74HCT9046 [8].  This is an enhanced version of the familiar 4046 PLL chip. The reference frequency for the PLL is generated by a DDS – more of that later. The output of the phase comparator drives the loop amplifier & filter which gives the loop a bandwidth of around 1 KHz. The output of the amplifier is further low pass filtered by a passive RC filter which then drives the VCO. The loop filter amplifier is also attributable to John Thorpe.

The DDS is hardly the latest technology – being formed by the venerable HSP45102 DDS [10] chip IC2 clocked at 32 MHz by X1. The DAC is external to the DDS chip with an R-2R ladder driven by two 6 bit latches (IC3 & 4) giving a 12 bit DAC. Whilst more modern devices may be as good (or better) this combination has been found by a number of designers to offer excellent performance. The signal is low pass filtered and passed to the phase comparator.

The Digital to Analogue converter used by the DDS bears closer attention. It has been found that the structure shown performs well, with a noise floor about -90 dBc/Hz. As was pointed out by one of the article’s reviewers, this should not be the case - with 1% resistors an effective resolution of only about 6 bits ought to be obtained. It is believed that the performance measured is due to operation so far below the Nyquist limit but this remains an area of interesting investigation and one that will probably draw much comment. It would therefore be prudent to use 0.1% resistors such as the Meggitt RN series from Farnell even though the performance presented here was obtained using 1% devices. 

The lock output of the phase comparator is made available to the controller via the I2C bus.

Construction

Construction is straightforward if a tad fiddly. The VCO is built mainly from surface mount components on a section of the board with very fine tracking as can be seen in Picture 3. The DAC R-2R ladder is also formed of surface mount components mounted closely together underneath IC3 and IC4. A photograph of one of the two R-2R ladders is shown in Picture 4.

The PCB is a single sided board with a ground plane. The tracking is shown in Figure 6 and the component layout in Figure 7. Drill the board and ensure that the diecast box can be fitted correctly. The idea is to drill 4 holes in the PCB corresponding to the 4 screw holes in the corners of the box. File off the lip on the edge of the box so that the screws are long enough to bolt the lid under the board, through the board, to the box on the top. Do not remove the lip of the lid as the space it forms between the lid and the bottom of the board will contain the surface mount components of the VCO. You will notice that there are a number of tracks that pass under the edge of the lid, and the lip of the lid may short these to ground. File a slot in the lip to clear these.

If you are mounting the board in a tin box, seam solder it in – BUT NOT UNTIL YOU HAVE SORTED OUT THE APERTURES FOR THE I2C & DDS BUSSES, POWER AND OUTPUT SIGNALS. The board has been designed so that right angle 10 way IDC connectors may be fitted such that they protrude slightly into the tinplate box. If you use a right angle 10 way box header, be careful of the orientation as it may differ from the board layout shown. The best way of attaching the output signal is to drill a hole in the box above the output pad, take a small connector such as a PCB mount SMC, snip off the 4 ground pins and solder the connector flush to the surface of the box with the signal pin protruding into the enclosure through a hole. This can be seen in Picture 1 on the right hand side. A short wire can later be used to connect it to the PCB. The power can either be run through two feedthrough capacitors into the box or via a right angled 3 way PCB connector. Referring again to Picture 1, a small heatsink can also be seen running from the two voltage regulators to the edge of the box. If a tin plate box is not used, an alternative means of heat removal must be employed.

All ICs may be mounted on turned pin sockets with ground pins soldered direct to the ground plane or with standard sockets with pins to ground bent out at 90 degrees and soldered to the ground plane.

Now assemble the VCO. Before assembling the rest of the circuitry it is worth checking the VCO operation and putting it approximately on frequency. Picture 2 shows a close-up of the VCO surface mount components. Make sure that the diodes are mounted the right way round. The two coils, two FET and the 100µF capacitor are the only components mounted on the ground plane side of the VCO.

The DDS, its clock and DAC should be assembled and tested next. To do this you will need the controller or a test program that can configure the DDS chip. A clean sine wave between 90 and 150 KHz should be obtained at the output of the low pass filter (pin 3 of IC5) and the signal from the DAC itself should show no discontinuities that might indicate a fault in the R-2R ladder. In order to program the DDS, a 32 bit serial bit stream is clocked into the device and when all 32 bits have been loaded it is transferred to the accumulator latch using a single pulse on the load signal. This is shown in figure 5.

Now assemble the remaining components. Check that all supply voltages are clean. Check that the VCO signal is being correctly buffered. In the absence of I2C check that grounding the control lines from the PCF8574 (if used) correctly selects the VCO output or the VCO output divided by 2, 3, 4 or 5, and that the VCO control lines select the correct range. You can safely ground the output lines of the PCF8574 if fitted as the output lines have high impedance pull – ups. In adjusting the VCO coils, keep the cores at about the same position in the formers as each other.

In operation the VCO tuning range should be from 3 to 18V (approx.) according to band and frequency. Check all supply voltages with an oscilloscope. Apart from low levels of signal from the VCO (it gets everywhere) no signs of noise or instability should be found on any supply voltage or the VCO control line.

An indication of lock is found when small further adjustment of L1 and L2 shows no frequency change even though the control voltage may continue to change.

Measurements

Unless you possess some real cool test gear, measuring the VCO phase noise is best done using the completed receiver.

A good way to do it is as follows.

Two signal generators are used. One is a source of a large, clean signal, the other provides a small signal to which the receiver is tuned. The large signal needs to be cleaner than the VCO of the receiver – so start with a clean signal generator such as the HP8640B or a custom made low noise crystal oscillator then feed it through a crystal filter. Now feed this through a switched attenuator and into a hybrid combiner. The other input to the combiner comes from the second signal generator. This configuration allows a small signal to be applied such that a 10 dB SNR can be created. When the ‘large’ signal is applied, it will cause the noise floor to be raised by reciprocal mixing between the VCO’s phase noise and its own – hence it needs to be cleaner than the VCO. When the SNR degrades by 3 dB, the noise due to reciprocal mixing equals that of the receiver noise floor and the phase noise (in dB) will be equal to the difference between the signal generator levels plus 10 dB corresponding to the 10 dB of the SNR. If the receiver is using an SSB filter of 2.2 KHz, the SSB phase noise of the VCO in dBc/Hz will be this value plus 34 dB. The external attenuator is important – when most signal generator’s output level is adjusted it is not just a passive attenuator that is changed; switched amplifiers are also involved and the signal generator noise level will change.

For the CDG2000, 10 dB SNR was measured at –121 dBm. The loss of the hybrid combiner was 5 dB so the low level signal was set to –116 dBm and a 10 dB SNR was observed. The crystal filter had a loss of 5dB also so the HP8640 output was set to +5dBm so that the large signal into the attenuator was 0 dBm. Hence for N dB of attenuation, the SSB phase noise is 116 + 10 + 34 – N dBc/Hz, or (160-N) dBc/Hz. The 34 dB is derived from the bandwidth of the signal (10*log(bw)). Hence 2200 Hz gives 34 dB

Starting 2 KHz away from the large signal, confirm that 10 dB SNR is being obtained, then adjust the attenuator to give a 3 dB degradation in SNR. Record the attenuator setting, N.

Doing this for Dave’s receiver with the large signal at 14.31858 MHz gave the results in Table 2 and Figure 11.

Why choose 14 MHz? Mainly because a cheap crystal filter can be made from standard components to perform the measurements. Farnell sells very cheap 14.31818 MHz crystals (about 70p each) and 4 make a good filter on 14.31858. A suitable circuit for a 50 ohm bandpass filter is shown in figure 8 and its performance is shown plotted in figure 4. One method of construction is in a small diecast box with BNC connectors at each end. A photograph of one is shown in Picture 9.

This begs the question of how to measure SNR. One way is to use an audio ‘true’ power meter to measure the noise from the audio output. Another is to use a PC to calculate it directly. The program used for the above measurements was Spectrum Lab by DL4YHF [11]. The microphone input of the sound card running it was connected to the output of the receive product detector. With a –116 dBm signal applied to the hybrid combiner, a display similar to picture 5 was obtained. To calculate the SNR, spectrum lab was asked to measure the normalised noise (dB / Hz) between 1000 and 2000 Hz, subtract this from the signal level and add 34 dB to correct for the fact that we are measuring through an SSB filter. Spectrum lab can be instructed to do this every second by asking it to execute the following as a periodic action every second:

print(peak_a(1000,2000)-34-noise_n(1000,2000))

Analyzing the above, the function “peak_a(1000,2000)” asks the program to locate and measure the largest peak signal in the range 1000 to 2000 Hz (i.e., the signal from the signal generator). The function “noise_n(1000,2000)” asks it to measure the normalised noise in this range ignoring the signal. A direct display of SNR (or more precisely signal to noise not signal plus noise to noise but the difference is minor) will be given in the command window.

Being skeptics, we decided not to trust any of this stuff at face value. In order to check that the PC was performing as it should, the SNR was also measured directly using an audio power meter and filtering out the signal. The same results were obtained.

Out of curiosity, we also tried a couple of other methods. In one, just one signal was used and the noise was directly measured using the receiver S meter (which displays dBm). In the other the AGC of the receiver was disabled by removing the two CA3046 chips and the log output of the IF again used to measure the signal. In all cases, the results were within 3 dB of each other. Measurements were repeated at different times with the equipment connected in slightly different configurations. Measurements were averaged by asking spectrum lab to average 4 FFTs for each display.

The two signal method was found to be reliable and repeatable. According to John Thorpe it has been adopted as a standard test method by the British Standards Institute.

The observant reader will notice a small noise peak at 80 kHz in Figure 11. This is not due to the PLL reference signal leaking through – it is broadband noise. Initially it was found to be some 15 dB higher in level than this – this is when we discovered that AC logic gates are good modulators!. The capacitor on IC10 pins 1 & 3 caused almost a 10 dB improvement in it. Decoupling the 5V from the I2C bus with 220 μF and IC11 with 10 μF made a further 4 dB change. At this point diminishing returns started to set in. Colin astutely observed however that the level of this is below that needed for a 113 dB SFDR (the performance of the front end) and fruitless poking around was ceased.

The PLL reference frequency does leak through, but its level is low (between –90 and -107 dBc). Higher gain in the loop amplifier or changing the PLL divider ratio from 512 to 256 and doubling the DDS output frequencies might help but it is low enough already not to be worrysome.

Some other remarks about noise need to be made. Noise from the DDS leaks out – there are a number of small spurii on all bands, some of which are obviously DDS related as they tune at different ‘rates’. The series resistors in the input control lines to the DDS from the controller reduce leakage through that port. Noise from outside will leak in – for example in Dave’s the LCD display was lit by a CCFL backlight and the inverter for it modulated the VCO. 

One spurious signal that could annoy some is caused by the choice of 32 MHz as the reference clock – it causes an S4 sproggie just above 14 MHz – obvious with hindsight. It is just a couple of kHz above the band edge.

Programming

Programming the synthesizer is straightforward. For a given band such as 14 MHz, the band edges are 14000 to 14350 kHz. With the local oscillator on the high side, it needs to be 9 MHz higher, or 23000 to 23350 kHz. The mixer is driven at twice this frequency so the synthesizer needs to deliver 46000 to 46700 kHz. From Figure 2, the VCO range needed will be the lowest one with both switched capacitors in circuit, so the two switching transistors must be on (base driven high). No additional division of the VCO frequency is needed so the AC163 needs to be held reset and the multiplexer needs to be set for direct output. Combining this data, the settings for the output of the PCF8574 need to be as shown in Table 3:

In binary, MSbit first, the required setting would be x111 10xx where ‘x’ denotes any value. On the basis that the troublesome modulators called AC logic devices should have pins driven by a low impedance, and that the unused bit 7 might as well be high, the setting should be 1111 1000, or in Hex notation 0xF8.

The DDS needs to deliver an appropriate frequency for phase locking and as the PLL divisor is 512, the DDS needs to deliver 89.84375 to 91.2109375 kHz. 

The way that a DDS works is that for a clock frequency of Fc Hz, with a 32 bit accumulator, to deliver an output of Fo Hz, the DDS register should be set to 232 * Fo / Fc. Hex notation is easiest here, so for the range stated above with a 32 MHz clock the DDS needs to be set to values in the range 0x00B80000 to 0x00BACCCD. Note also that with a 32 MHz clock, the smallest DDS step would be 32 x 106 / 232 Hz or about 0.00745 Hz. The divide by 512 multiples this into a smallest tuning step of 3.8 Hz. Figure 5 shows the way the data is sent to the DDS.

One thing to note. When the AC163 divider is used, the tuning rate changes and the controller needs to take account of this to maintain the same tuning rate on each band.

For the amateur bands, the values for the other bands are as follows, assuming a 32 MHz clock.

The CDG2000 software needs to be configured for the DDS clock and band settings, hence no fine adjustment of its frequency is needed. Indeed, as all parameters are configurable, it will cope with any DDS clock and band settings without the need to modify the software.

Alignment

There’s not much to say here. There are only two things to adjust – the VCO coils. Basically, ensure that the voltage swing across all bands keeps away from voltage rails. This can be monitored at TP. Calibration for the DDS clock frequency is achieved in software on the CDG2000 conroller as are the control latch settings, band edge limits and tuning rate. This is covered in the controller user guide.

Component availability 

Most of the components in the synthesizer are readily available from suppliers such as Farnell. Some however are harder to find. The DDS chip is stocked by RS Components. The 74HCT9046 is available from Quarndon [13]. The PIN diodes used are becoming hard to find - any similar type of VHF bandswitching diodes ( Ron < 0.6 ohms at 3 - 4 mA ) will do just fine. A limited quantity of the specified diodes is available from the authors. The only hard part to find is the coil in the VCO. Two identical ones are needed. The AOR7030 used custom made coils and the special part number is given. A limited quantity is available from the authors. 

One thing to be borne in mind. Where 74AC logic is used, we mean it - don't try to use 74HC logic as, quite simply, it ain't up to it. Similarly where 74HC logic is specified don't use 74AC logic. 
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Figure 1 - Block Diagram

Picture 1 - completed synthesiser
Picture 2 - Partially assembled

Picture 3 - VCO Close-up
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Figure 2 - VCO tuning
Bit(s)
Function

0,1
Set 74AC163 divide ratio from 2 (both high) to 5 (both low)

2
If low, hold 74AC163 reset when not being used

3
Select direct output of VCO (if high) or divided by 74AC163 (if low)

4,5
VCO range selection

6
PLL Lock detect

7
Unused

Table 1 - I2C control
Picture 4 - close-up of DAC
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Figure 3 - Phase Noise Measurement
Offset
Attenuator
SSB Noise

KHz
N ( dB )
(dBc/Hz)

2
42
118

3
38
122

4
35
125

5
30
130

6
27
133

7
24
136

8
22
138

9
20
140

10
19
141

15
16
144

20
11
149

25
8
152

30
10
150

40
5
155

50
5
155

60
5
155

70
8
152

80
9
151

90
7
153

100
5
155

110
4
156

120
4
156

130
3
157

140
3
157

150
3
157

160
3
157

170
2
158

180
0
160

190
0
160

200
2
158

250
0
160

300
2
158

Table 2 - SSB Phase Noise
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Figure 4 - 14.31858 MHz filter
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Picture 5 

Bit(s)
Function
Setting for 14 MHz band

0,1
Set AC163 divide ratio from 2 (both high) to 5 (both low)
Not applicable

2
If low, hold AC163 reset when not being used
Low

3
Select direct output of VCO (if high) or divided by AC163 (if low)
High

4,5
VCO range selection
Both high

6
PLL Lock detect
High so controller can read it

7
Unused
Not applicable

Table 3 - configuration for 14 MHz
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Figure 5 - DDS Programming

Band
VCO Range (MHz)
RX LO (MHz)
DDS Setting (Hex)
Control

Word

MHz
Min
Max
Min
Max
Min
Max


1.8
64.8
66
10.8
11
01033333
01080000
C4

3.5
75
76.8
12.5
12.8
012C0000
01333334
C4

7
64
64.4
16
16.1
01000000
0101999A
C5

10
76.4
76.6
19.1
19.15
01319999
01326667
C5

14
46
46.7
23
23.35
00B80000
00BACCCD
F8

18
54.136
54.336
27.068
27.168
00D88B43
00D95811
D8

21
60
60.9
30
30.45
00F00000
00F3999A
E8

24
67.6
68
33.8
34
010E6666
01100000
C8

28
74
78
37
39
01280000
01380000
C8

Table 4 - Settings by band
Figure 6 - PCB Tracking

Figure 7 - Component placement
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COMPONENTS LIST – SYNTHESISER



Capacitors

1n
multi layer ceramic

C43
100n    multi layer ceramic


C2, 8,13,16,17, 21, 27, 28, 55, 56, 57, 58, 69

220n
multi layer ceramic

C3,4

47p
ceramic plate


C15

100n
polyester


C24

1uF
polyester


C23

1n5
polystyrene


C18

2n7
polystyrene


C19

1uF 16v tantalum



C6

10uF 16v tantalum


C5,7,25,63,73

22uF 16v tantalum


C20,22,26,62

100uF 16v tantalum


C14,29,37

220uF 16v tantalum


C1,68

470uF 16v tantalum


C12

Capacitors surface mount 0805 NPO (COG)

3p3




C34

10p




C32,45,47

15p




C42

18p




C33,46

47p




C31,44

1n




C35

10n




C38,39,40,41,49,50,51,52,53,66

Capacitors surface mount Y5V multi layer ceramic 50v

100n




C10,11,36,54,59,60,61,69,70,71

Resistors 0.25W metal film 1% MF25 series

100R




R42

470R




R29,32,33,37

590R




R1

1K




R53

4K7




R31,34

9K1




R2

10K




R52

15K




R28

68K




R35

100K




R54

220K




R30

1M




R36,40

Resistors surface mount 0805 0.063W 1%

100R




R43,44

270R




R49,50

470R




R51

2K2




R45,46,47,48

4K7




R55,59

1K




R60,61,62

Resistors surface mount 0805 0.063W 0.1%

7K5




R16,17,18,19,20,21,22,23,24,25,26,27

15K




R4,5,6,7,8,9,10,11,12,13,14,15

Resistors SIL pack

100k




R41A - E

Inductors

470uH axial



RFC2,3,4,6,7,13,14

1mH axial R max 4 ohms


RFC1,5,12

6u8 SMC Farnell 200 542


RFC8,9

22uH SMC Farnell 200 578

RFC10,11

TOKO A700 9550W custom
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74AC00




IC11

74AC163



IC10
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from the authors)
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BB619 (Electrovalue)
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4V7 0.25W Zener


D1

Transistors and FET
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2N3904
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2N3906
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MMUN2115LT1 SOT23 digital

(Farnell 473 625)



TR8,9

Voltage Regulators

7805




REG2

7808




REG1

LM217LZ



REG3

Sundries

3 Pin header



J3

10 Way IDC header


J1,2

Screening Box Eddystone 11451P

(with M3.5 x 16 long screws)

1 Off

Figure 10 – Synthesizer Circuit Diagram

Figure 11 – Phase Noise Plotted


































Picture � SEQ Picture \* ARABIC �6� - 14 MHz Test Filter
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Figure � SEQ Figure \* ARABIC �8� - Test bandpass filter
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