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       Philips Electronics introduced the SA605 in the late ‘80’s.  It was designed as a generic analog IF processor for GSM, AMP and other wireless data/voice systems typically at a 455Khz or 10.7MHz IF Frequency. The SA605 is optimized for systems that use some form of FM modulation. The purpose of this article is to explore some other uses for the SA605and its related family members. 

    Figure 1 shows a block diagram of the SA605. Phillips produced many parts with identical or similar type of internal architecture such as NE605, SA615, SA625, SA606, SA636, etc. This article will refer to all this family of devices using the single part number SA605. Philips has ceased production of many of the variants of the SA605 but the SA605 and the SA615 are still active at the time of this writing with the SA615 being a reduced performance version of the SA605. This is a good thing. Even though digital IF’s are taking over there are still things you can do with a good ‘ol analog IF strip that are hard to beat for power/cost/complexity etc.

The SA605, A Brief Overview

     The block diagram of figure 1 shows the SA605 to have a mixer, oscillator, amplifier, limiter and a final mixer usually used for quadrature FM detection. Also shown in block form are the typical external elements most commonly used. The internal mixer and oscillator are used to convert the RF input to the IF frequency selected by the designer. The oscillator can be configured as a crystal or L/C oscillator. Additionally an external source can be injected at pin 4 for the LO signal. The following stages of amplification and filtering prepare the signal for power detection (RSSI) and FM demodulation. 

      The Received Signal Strength circuit or RSSI provides the designer with an output that is directly proportional to applied signal power. It is normally low pass filtered before being used in subsequent processing. The RSSI is scaled logarithmically and is quite useful in debugging as well as applications such as AM or power measurement. Key to stable operation are two bandpass filters at the input and output of the amplifier as well as DC bypass capacitors.  The bandpass filters used are typically ceramic type but not always, as we shall see. The combination of these internal features allows the SA605 to perform a variety of signal processing functions such as down conversion, demodulation etc. 

     Of great importance is the quadrature element block. It’s here that the limited signal is phase shifted by approximately 90 degrees. This shifted version of the signal is then multiplied with its non-phase-shifted version to produce what is called quadrature detected FM. This element can be L/C tank, Ceramic or a Quartz crystal. In general as the Q of the quadrature element rises the sensitivity of the FM demodulator increases. The detected FM is then low-pass filtered to provide the demodulated signal.  

      It is not the purpose of this article to fully explore how the SA605 operates but rather focus on some atypical applications and practical details of using this device. For the reader who wishes more information on SA605 they should visit the Philips web site www.philips.com and down load the excellent application notes and data sheets relevant to the SA605 and its family members. Some of these application notes are listed in the reference section at the end of this article. The reader will details there on designing the matching networks, quadrature element, oscillator circuits, matching for the band-pass filters, etc., see references [1], [2], [3].

PCB Layout  & Circuit Debug Issues

     The SA605 is a very high gain device. The gain, counting the mixer conversion gain is over 100dB. This creates the potential for self-oscillation of the device if proper PCB layout is not done, even with a good set of circuit values. The device has a “hot” side and a “cold” side. The cold side Pin 1 to 10 tends to be well behaved. The hot side is from pin 11 to pin 20. This is the side of the device that generally causes all the 
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stability problems. The reason is simple: Very high gain. The typical gain from output of the mixer to the limiter output is >80dB after typical insertion losses due to filtering. The impedance of the Mixer, Amplifier and Limiter is also relatively high which tends to exacerbate the stability issue. Needless to say careless PCB layout is ruinous and the device will “run away” and create a self-oscillating disaster. 

    Figure 2 shows our 1st application circuit, A 10.7 MHz bandpass filter using a crystal filter as the first filter section to achieve a 1KHz, 3dB bandwidth. We will discuss more on this circuit later but here we will use it to discuss some PCB layout issues.  The SA605 needs to have four pins on the hot side bypassed to ground(RF short, DC Open) using high value capacitors. These are pins 19, 17,13 and 12.  The path length from the pin to the cap and from cap to ground should be as short as possible.  One way to know how good a RF short these caps are is to touch the ground side or the hot side (RF GRD) using a mid value resistor while monitoring the RSSI voltage with a DC voltmeter. Use of 2k to 10k in series with your hand prevents possible damage to the IC. If you are in a high static environ make sure to wear a grounding strap also. Just touching ground should not affect the circuit right? Not necessarily. The topside ground is not a RF dead short (though it may be a nearly a DC dead short) to the bottom side ground plane due to the parasitic inductance of typical ground connecting via’s. Due to the high gain even the small parasitic inductance of the “ground connect via’s” is significant. This inductance allows the signal you are introducing (by touching the circuit) to get into the IF strip and raise the RSSI voltage.

    The same test on the pin side of DC bypass cap’s will also raise the RSSI voltage even more then touching nearby ground points. The cap has parasitic series inductance which allows the AC signal you are introducing (by touching it with that 2 to 10k resistor you are holding) to rise above RF ground potential.  Additionally if high impedance filter elements are used the electric field tends to “lift” off the PCB (Higher Impedance( Higher Voltages( Higher E field). You can typically notice changes in RSSI, in such cases, by just getting near pin 16 with any metallic probe. In fact the combination of high frequency operation and  high impedance filters is “toxic” to the SA605 making it a quite difficult to keep it stable.

     A lot can be determined by this simple touching method, such as how good your PCB layout is and where the hot spots are in the layout. This discussion also shows how key the RSSI voltage is in determining how stable your design is. Philips says the RSSI should be below +0.25volts DC with no signal input to the device. Above this value indicates self-oscillation. The author’s experience indicates this is a good measure, which can often be exceeded (lower RSSI voltage /no signal). The amount of trouble one has in reaching that goal of RSSI below 0.25VDC depends not only on layout but on what the impedance’s the IF strip “sees” at its various input/output pins on its hot side. 

Summary for PCB Layout & Design Issues:

· Start with a known design and modify, as needed, see Philips app-notes and data sheets.

· Keep trace lengths as short as possible.

· Surface mount components that connect to ground should all have their own ground via, that is at least one via per ground connection. Pay close attention to those “ground via’s” used on  those caps to ground for pins 19,17,13 and 12. Two vias per/Ground connection here wouldn’t hurt. 

· Continuous (if possible) ground plane on the bottom side.

· If possible a top-side ground plane directly underneath SA605, stitched to bottom ground plane with multiple via’s.

· Good DC supply de-coupling on pin 6. Keep the first cap to ground close to the IC.  

· With no input use RSSI voltage to help debug layout issues. 

· Even though device is typically operating at an IF frequency treat it like a RF device, lots of ground via’s, ground plane etc. In general to tame the high gain problems use good RF layout practices. Avoid long traces, perpendicular runs , not parallel etc. 

· FR-4 is fine. 1/16-inch boards work well.  Some improvement on thinner PCB’s may be had as ground via’s are shorter. 

Example Circuits

   Now that we have gotten past our brief introduction to the SA605 its time to move on to what this article is really about. Using it in some (hopefully) atypical ways. The SA605 has typically been used at IF frequencies of 455KHz or 10.7MHz. This is due to the availability of inexpensive ceramic filters. But ceramic filters are not always at the frequency you need or do not come in the bandwidth you are looking for. So the first set of circuits will be examples that achieve BW’s not found in ceramic filters at the IF used or a filter center frequency where no ceramic filter’s are available.  

     After we get through the bandpass circuits we can move on to some more unusual circuits using the SA605. These are a narrow band BPSK demodulator, A VCO phase noise measurement system and a Harmonic Mixer/PLL system. All of the circuits present here have been built and tested. That is not to say they are perfected or “optimum”, there is always room for improvement. The circuits present use mostly off the shelf, commercially available parts.  It’s the authors hope that after seeing what can be done with the versatile SA605 the reader is inspired to try their own ideas. 

10.7MHz BPF/IF with 1khz BW

    Ceramic filters at 10.7MHz do not go much below 50Khz in BW. But what if you want a 1KHz wide IF at 10.7MHz? You could go and buy some expensive crystal 10.7Mhz filters and try to match them into SA605. No need , you can make your own with off the shelf parts. The circuit of figure 2 is a hybrid of a two pole crystal filter and a commonly available 10.7MHz (110KHZ BW)ceramic filter which in conjunction with the SA605 give an IF BW of about 1KHz. In this application the mixer of the SA605 is not used, just the IF side. The crystal filter is implemented by using two, non-matched, off the shelf crystals at 10.73MHz(but from same manufacture). The micro-transformer between them is a 1:1 part available from M/A Com or you make one with a few turns for pri/sec on a small ferrite bead.  The overall response is decent. The two pole crystal filter gives about 25dB  rejection out of its center pass band until the response of the ceramic filter is reached at +/-50Khz approximately from IF center frequency. At that point signal rejection increases rapidly due to the skirts of the ceramic filter.   The RSSI out is low-passed to 10khz BW and could be used for narrow band AM, power detection, etc. 

A 10.7 MHz IF with 15KHz BW with steep Filter Skirts.

     The circuit of figure 3 is a application of integrating a commonly available 10.7MHz crystal filter into a SA605 IF subsystem. As in the previous case the mixer/oscillator sections of the SA605 are not used. The first part of the circuit is a emitter follower set up as a impedance transformer from 50 Ohm’s to the high impedance of the crystal filter. The crystal filter used is readily available and has a BW of approx. 15KHz. Again a low cost 10.7MHZzceramic filter with a BW of approx. 280KHz is used for the second filter spot. The variable cap at C11 is used to tune in the exact match point to crystal filter input. 

    The response, once tuned is excellent. Very steep roll-off and almost flat pass-band.  RSSI is low-passed and used for typical testing, demodulation. Power measurements etc. The input matching to the SA605 is a bit complex and could most likely be simplified considerably.

A 200Hz BW filter at 10.7 MHz

    Its not often one needs a really narrow filter like this but if you do, this might work for you. Figure 4 shows the circuit. In this circuit the Mixer/Oscillator section the SA605 is used to down-convert an IF at 10.7MHz to a IF at 4 MHz. It’s a lot easier to build a 200Hz BW filter at 4Mhz than 10.7Mhz and that is the strength of this method. The new IF is passed through crystal filters centered on 4MHz to achieve a 3dB BW of approximately 200Hz. The conversion is done by mixing the incoming 10.7 MHz with a crystal based LO of 14.69MHz provided by the oscillation section of the SA605. The input to the SA605 mixer is done using an off the shelf IF transformer. This does matching and allows the mixer to driven in a balanced way. This is optional and a single ended connection/match can be configured at the expense of increase spurious and reduced dynamic range. 


[image: image2.wmf]FIG. 2: TWO POLE XTAL FILTER @10.7MHz, 1KHZ BW
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[image: image4.wmf]FIG 4: 3-POLE XTAL FILTER,200Hz BW@4MHz CENTER FREQ

                witH 10.7 CONVERSION



 The first crystal filter is a two-pole filter using a M/A Com 1:1 micro transformer to produce the 180-degree phase shift between the two elements. Again this can be fabricated with 3 to 4 turns for primary and secondary on a small ferrite bead if one wishes. The second filter is just a single pole, which gives stability and skirt rejection to circuit. The three 4MHz crystals used in the filter section were not matched (beyond same manufacture) and are commonly available. The crystal at 14.69mhz is also a readily available crystal and was not custom cut. 

Quadrature Tank  

     The quad tank of portion of figure 4 was left as a block. This section of the SA605 is used to produce a 90-degree phase shifted version of the IF. When this phase shifted version of the IF is mixed with the non-phase shifted IF a FM demodulator is born. In the case of this circuit it is so narrow band using a L/C type quadrature tank would most likely not work out.  An alternative is to just use another 4MHz crystal here as the quadrature element. This is indeed possible and is done in the BPSK demodulator presented later. But for now our final comment on this possible FM demodulation is that an crystal quad element is used it will have to be custom cut as the center frequency will not match if same crystals from the filter section are used.  

Narrower BW’s

    Finally the BW of the filter can be narrowed from 200Hz to possibly as low as 50Hz. Lowering the impedance the crystal filter sections “see” at their terminations can do this. As the impedance drops the BW will narrow. 

21.4MHz IF @ 1.5MHz BW  with Wide Band  FM DEMODULATOR

    The IF frequency of 21.4Mhz is quite common but unfortunately ceramic filters are not available at this frequency (to the authors knowledge). Crystal filters at 21.4 are commonly available but of a narrow bandwidth. The circuit of figure 5 illustrates one approach to use L/C based filters in conjunction with the SA605 to produce a IF of 21.4MHz with 1.5MHz of BW. In addition a TTL oscillator is fed to the OSC (pin 4) of the SA605 so as to enable the mixer to down covert a incoming RF  @ 85.4 MHz to 21.4MHz. The oscillator signal must be AC coupled and reduced in power to properly drive the SA605 oscillator section. A quad tank is built of discrete components and produces a wide BW FM demodulation. Figure 6 shows the FM demodulator’s response or discriminator curve. Curiously it’s “reversed from the other curves presented later in this article. A 180-degree Phase reversal is suspected “upstream”. 

    The input at 85.4MHZ is matched to the SA605 using a simple L/C matching circuit with a tunable capacitor to find the inputs  “sweet spot”.  After mixing the IF at 21.4MHz is filtered by two single pole L/C based band pass filters. These are tuned by the means of tunable coils. After limiting the signal is split by the SA605 with the Quadrature element implemented as a simple L/C resonate circuit. The resulting mix of the quadrature IF and the in phase IF results in demodulated FM.  The BW of the FM demodulator is greater than 1Mhz. 

     The performance of this circuit is marginal in that with no input the RSSI is approx. 0.38 volts. The PCB layout was not “optimum” (PCB was adapted from a 10.7 design) and a better one could help here. Even so the broad bandwidth and shallow rejection of the L/C based filters will make it difficult to get much better than this. 

  This circuit illustrates that the SA605 can be made to work with L/C filters of the user’s choice for center frequency. It also shows how a wide band FM demodulator can be done at 21.5MHz. It also demonstrates how to feed an external TTL type oscillator to the SA605. 

     That wraps up the band-pass filter circuits. But before moving on a few comments about the RSSI voltage from those circuits. In every case that voltage can be used as signal to do spectrum analysis with. Some of the filters are better than others,  of course. If a method is added to sweep signals through the IF used the RSSI can be fed to an o’scope thus providing swept spectral information. The RSSI voltage being scaled LOG10 (in power) gives a scope display that is roughly scaled LOG10 in power. The linearity and absolute scale value can be improved by using a step attenuator and building a lookup table, one column is 

              
[image: image5.wmf]FIG. 5: 21.4MHz IF, BW ~1.5MHz



[image: image15.wmf]L/C DISCRIMINATOR @21.4MHZ

0

0.5

1

1.5

2

2.5

3

3.5

-1500

-1000

-500

0

500

1000

1500

FREQ OFFSET FROM 21.4MHz 

NOMINAL(KHz)

VOLTS

Series1


the input power in dBm and the other is RSSI in volts. If done carefully accuracy below 1 dB can be achieved. 

   Amplitude modulation can also be recovered from the RSSI output. The user must keep in mind that the RSSI is not a linear AM demodulation output due to the LOG10 scaling.

A NARROW BAND BPSK DEMODULATOR USING THE SA605

    Traditionally the SA605 has been configured as a medium to narrow band FM demodulator. The circuit we now discuss will demodulate narrow band Binary Phase Shift Keyed (BPSK) that is present on a 10.7MHz IF. Figure 7 shows a block diagram and some typical waveforms from the circuit. For the discussion the stages proceeding the demodulator section have been omitted. These could be from the circuits cited above (notably the 1kHZ BW@10.7MHz circuit) or other 10.7MHz IF implementations. The focus here will be on how the demodulator works.

    BPSK is phase modulation not frequency modulation. But the time derivative of phase is frequency. This means that a FM demodulator will respond to a BPSK signal with the derivative of the modulation present on the carrier. For BPSK the modulation typically can be modeled as random binary data stream at some bit rate. The time derivative of such a data waveform results in a series of impulse’s, one at each data rising/falling edge.

Time Waveforms

       The waveforms of figure 7 are keyed to the block diagram and show the demodulation process as viewed in time. Waveform A of figure 7 shows the BPSK signal with its 180 phase transition points exaggerated for clarity. Waveform B shows the FM demodulators response, an impulse at each 180-degree phase transition. Waveform C results from applying a threshold detector to waveform B thereby converting the impulses to a TTL signal. Simultaneously an adjustable pot sets the point of voltage, which must be crossed, for a pulse to be declared.  The pulse is stretched to “blank out” any smaller subsequent pulses close to the main pulse. Lastly, waveform C is divided by two, which recovers the original data. 

Quadrature Tank Issues

     Since the signal BW is assumed to be narrow, a narrow-band FM demodulator was needed. Standard L/C quadrature tank circuits at 10.7 MHz result in FM demodulators that are too wide, which lowers the sensitivity of the demodulator (smaller phase pulse height). To meet this need a single crystal at 10.7MHz is used as the quadrature element. Figure 9 shows the FM discriminator response when a nominal 10.73 crystal is used as the quadrature element in the SA605. The resulting FM center frequency is shifted from that shown on the crystal by the SA605 internal impedance’s. 

Phase Polarity Issues

      An unexpected feature of the demodulator was discovered. It was found that when the IF frequency was offset slightly form the center of the quadrature crystal the phase pulses went from positive (rising edge) and negative (falling edge) to all positive going pulses. If the operation point is chosen where phase pulses are positive and negative then an additional full wave rectifier must be added to the processing before the threshold detector. In any case the “sweet spot” of the demodulator can be tracked by a DC coupled AFC loop if needed. The top trace of Photo 1 shows the positive going phase pulses from a approximate 100Hz square wave BPSK signal. The modulating waveform is shown in the bottom trace off photo 1.

Schematic

     Figure 8 shows the schematic version of the block diagram of figure 7. The demodulated signal is first low-passed with the 100k//0.01uF pair , then buffered with an OP amp. At this point the signal is AC coupled to a LM360 limiter (which is overkill here!). This A/C coupling blocks the DC offset present on the signal from SA605 and is also passed through the buffer amp. Waveform B of figure 7 shows this offset. After limiting and “thresholding” at the LM360 the signal triggers a 74LS221 one-shot, stretching 
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[image: image7.wmf]FIG 8: NARROW BAND BPSK DEMODULATOR
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                     FIGURE 9;     10.7MHZ XTAL AS QUAD ELEMENT, DESCRIMINATOR CURVE
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the pulse. The time constant of this one-shot is set to about one half the data clock period. Lastly a 74LS74 divides the signal by 2. 

Summary of BPSK Demodulator

     This circuit illustrates how a single crystal can be used as narrow band quadrature element in a SA605 IF system. It also shows that a few simple common building blocks can be strung together to convert the FM demodulator output of the SA605 into BPSK demodulator.  The demodulator as presented here is limited to data rates to approximately 1KHz. For higher rates the crystal quadrature element should be replaced with a lower Q device. 

USING THE SA605 TO MEASURE THE PHASE NOISE OF A WIDE BAND MICRWAVE VCO

     It turns out that this is one of those applications that uses the SA605 in a very conventional way, in terms of circuit layout and function. Figure 10 shows the setup. The goal  is to down-convert the phase noise sidebands of the Oscillator under test (O.U.T.) down to base-band where they can be viewed on a Spectrum analyzer. Down-converting the signal to base-band allows amplification of the sidebands and NOT the carrier (now at DC) by simply AC coupling the amplifier used. If one examines the phase noise sidebands using at the carrier frequency (with a Spectrum Analyzer) the carrier is so large its difficult to see both the side bands and the carrier. What often occurs is the carrier power reaches the limits of the analyzers dynamic range which limits how far down one can see near the carrier. With this method carrier power is converted to DC and blocked by simple AC coupling. The circuit presented is optimum for VCO’s that have relatively high phase noise and are stable to within +/-50khz in a unlocked mode.

Circuit Operation 

      The operation of the circuit is fairly straightforward. The O.U.T. is down-converted to 10.7MHz using a Signal source of lower phase noise then the OUT. For this test an external mixer was used as the carrier is above 1GHz. It highly likely that the internal mixer of the SA605 would work fine even above 1GHz with increased conversion loss of course. The 10.7 MHz is filtered in the usual way and applied to L/C based quadrature element. The L/C tank provides a moderate bandwidth FM demodulation capability. 

     It’s in the quad tank and the subsequent multiplication with the in-phase signal where all the real work of this circuit is done. The quad tank converts small phase variations to small FM variations. The multiplication process then shifts this IF spectrum too base-band. The output is low-passed filtered to a BW of 100KHz. A wider BW could be used, but the audio amp used here started to roll off near 70KHz. The audio amp is AC coupled and provides about 40db of gain. This gain ensures that the resulting base-band spectrum will be significantly higher than system noise. 

Schematic

    Figure 11 shows the schematic of the test system. The O.U.T. is a commercially available VCO that covers from approx. 1.2GHz – 2.4GHz. The tuning voltage pin was grounded to obtain a output frequency of approximately 1270MHz. The phase noise is specified by the manufacture as –85dBc at 10KHZ offset from the carrier. This level of phase noise is well above the phase noise of the signal generator used to down-convert to 10,7MHz. This ensures that the signal generator’s own self-generated phase noise will not corrupt the measurement of the O.U.T. 

     After down-conversion a 1:8 matching transformer is used to properly interface the 50Ohm output impedance of the mixer to the roughly 330ohm of the 10.7MHz filters. The limited IF is applied to a L/C quadrature tank where the conversion from PM to FM, then to the mixer where the phase-noise spectrum is converted to base-band. The base-band signal is low-passed and AC coupled to the audio amplifier. The audio amplifier can drive the 50Ohm input impedance of Spectrum analyzer used display the phase noise of the O.U.T. 
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[image: image10.wmf]FIG. 11:  PHASE NOISE MEASUREMENT OF WIDE BAND VCO
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FIG. 12:  DESCRIMINATOR PLOT FOR L/C TYPE AT 10.7MHz

CALIBRATION OF THE RESULTING SPECTRUM

      The final spectral output as displayed on a spectrum analyzer is not scaled to produce the desired expression of phase noise, which is L(fm). L(fm) is the standard way phase noise is expressed. The L(fm) function tells you the delta power (in dB) between the carrier power and the noise power for a given offset frequency fm.  It has units of dBc and is called the Single Side Band Noise to Carrier Power Ratio. The FM discriminator method results in a power spectrum, which is in absolute power, not dBc. Also the spectrum information at base-band is not Phase noise power but FM noise power. For FM discriminator based phase noise measurement systems we need an expression which allows conversion of spectrum analyzer data to L(fm) The following formula can be used to do this conversion; 

EQ(1)   L(fm) = Pm  +  Psyscal  -  20log10 (fm/fmcal) – SFbw  +  CAnalyzer

Where;

fm = offset frequency from carrier where noise power is to (Hz)

fmcal = offset freq. where system calibration constant is measured , see below (Hz)

Pm =  measured noise power at an offset frequency fm (dBm)

Psyscal = a calibration constant unique to each hardware implementation. (dBm)

20log10(fm/fmcal)  = conversion factor to L(fm) at measured offset fm with respect to fmcal ( dB)

SFbw = conversion to 1 Hz noise bandwidth. This is needed if measurement taken using a filter (typically the RBW) wider than 1Hz (dB)

CAnalyzer = correction factor for how a particular spectrum analyzer displays noise power, typically its 2.5dB (dB)

     The use and derivation of these equations will not be presented here. The reader is directed to Reference [4] where this equation is derived, explained and examples given for its use. Rather we will instead focus on using one part of Eq.(1) to help us understand the resulting power spectrum as seen at base-band.

RESULTS OF MESURMENT OF A WIDE BAND VCO @ 1270MHz

     Photo 2 shows the power spectrums of three different inputs to the spectrum analyzer (HP8566A). The bottom trace shows the Spectrum analyzers response with its input terminated in 50 ohms. This trace shows that we have significant “headroom” to make our noise power measurement without worrying that analyzer noise will mask what are trying to measure. The next trace up from bottom is the FM discriminator output when the input to the system is the signal generator (HP 8660C). For this trace the connection to the mixer is opened up and the signal generator is used to directly inject the test signal @10.7MHz. The discrete line @ 56KHz is an unwanted artifact of the measurement system, its cause unknown. The middle trace is a bit misleading. This trace represents the “bottom” of the measurement system’s ability to see down-converted noise. The amplification of the detected FM would have to be lower in its noise contribution and perhaps the sensitivity of the FM discriminator would have to be increased slightly (Higher Q) for the system to clearly  “see” the phase noise of the HP8660C.

PHOTO 2: PHASE NOISE AS RECORDED ON SPECTRUM ANALYZER

[image: image11.jpg]




   The top trace of photo 2 is the power spectrum of the down-converted phase noise (FM Noise technically) of the Micronetics VCO. The trace is fairly flat until about 70KHz.  From here on it starts to roll-off a bit. Most, if not all of the roll-off, is probably due to the audio amp used. It’s only rated to 20KHz so its being pushed a bit.  The manufacture’s data indicates that its phase noise decreases at approximately 20db/decade. But the analyzer does not display L(fm). The conversions of EQ.1 must be done in order to obtain L(fm) from the trace data. A key element of the conversion to L(fm)  is to apply the 20log10 (fm/fmcal)  term. When this is done to the upper trace of photo 2 we see that the phase noise does roll-off at roughly 20dB/decade of frequency offset fm.  

Final Comments on  the SA605 based Phase Noise Measurement System

   We have seen how the SA605 can be used as the heart of a phase noise measurement system. The phase noise of a microwave VCO was converted to base band and displayed on a spectrum analyzer. The phase noise as displayed must be properly re-scaled to obtain L(fm). Even without scaling the system allows relative phase noise comparisons to be made as improvements are done to the O.U.T. or between various O.U.T. ‘s. 

         A number of improvements could be made to this system starting with a low noise, audio amplifier system. Also a narrow loop bandwidth (~100Hz), DC coupled AFC circuit CAREFULLY applied to the VCO’s tuning input would keep the VCO’s output frequency in the “sweet” spot of the FM discriminator. The discriminator’s DC output would serve as the error generation point for such a system. The narrow loop bandwidth would not corrupt the phase noise of the O.U.T. outside its bandwidth.  By doing this AFC trick, adjustments to the O.U.T. circuitry could be done while observing the resulting improvement or degradation of phase noise. Without such a AFC loop most wide band, microwave VCO’s stability’s are so poor they would fall out of the 10.7MHz pass-band if physically disturbed.  

Using the SA605 as a Harmonic Down-Converter and Narrow Band PLL

      It was discovered, while experimenting with SA605, that if the LO port of the device is over driven a harmonic mixer is created. A Harmonic mixer essentially multiplies the applied LO and creates an IF frequency based on some N harmonic line of the applied LO and the applied RF.  This allows down-conversion of a much higher RF signal with a much lower frequency LO than would normally be needed. Measurements made indicated harmonic numbers higher than 10 and RF in frequencies past 1GHZ can give rise to usable IF signal powers. It was observed that odd harmonics had more resulting IF power.  Additionally the final mixer, which is normally used as a FM detector, could possibly be used as a phase detector. It was decided to attempt to phase lock a RF signal using the SA605 as both a harmonic down-converter and phase detector. 

Block Diagram Of the System

     Figure 13 shows the system that was developed. The goal of this system is to down convert the signal @454MHZ and phase lock it to the external reference signal source @ 6MHz. The applied RF signal at 454Mhz is harmonically mixed with a 64MHz LO. The 7th  harmonic of 64MHz is 448MHz which is 6MHz below the applied signal at 454MHz. The resulting difference at 6MHz is used as the IF frequency where it is band-pass filtered and limited by the SA605 IF processing. After limiting the IF signal at 6Mhz is mixed with the 6MHz-reference signal supplied by an external crystal oscillator. The reader may wonder why two separate non-phase coherent oscillators are used, one at 64MHz and one at 6Mhz. It was a choice of convenience as dictated by hardware available to prove the concept. The two crystal oscillators could be phase locked or both derived from a common source for a completely phase coherent system. 

    By driving the mixer normally used as part of FM detection scheme with a 6MHz external reference signal it is transformed into a phase detector.  The output of the phase detector is low-pass filtered and applied to an integrating loop filter. The output of the loop filter drives the tuning port of a VCO or a signal generator with external FM, DC couple capability. The final result of the system displayed in the block diagram of figure 13 is that the target source will be locked to both the 64MHz and 6MHz oscillators. This 
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last statement follows from the fact that the 64MHz is used to down-convert the RF signal @454MHz. Therefore any drift on the 64Mhz or the 6MHz will be transferred to the locked signal at 454MHz.

Advantages and Disadvantages of such a system as compared to traditional PLL chips.

     An obvious advantage is no programming is needed, as is necessary with most existing PLL IC’s. A major disadvantage is restrictive frequency and range. The system is inherently narrow band unless the 64MHz LO is also stepped. Some advantage in phase noise may be achievable as the locked signal is down converted to the reference frequency and not divided down as in PLL chips. The question being how large the phase noise is on the 7th harmonic of the LO @64MHz. The phase noise on the harmonic line @448MHz will add to that which is present on the input signal at 454MHz. The phase noise on the harmonic line @448MHz will be 17dB higher than fundamental line @ 64MHz. This follows from 20log10(7) = 16.9dB. The final resulting phase noise level of the locked signal @454MHz will depend on these factors as well as loop filter characteristics.

      The FM mixer used as a phase detector is not optimal. In particular it’s not much good when the frequency error is large, so acquisition can be a problem depending on the application. This could be resolved by using an external Phase/Frequency type detector to improve pull in. 

The Circuit Diagram of the Harmonic Down-Converter/PLL

   Figure 14 shows the circuit as implemented to prove the concept. For a target signal source to be locked a HP8640B signal generator was used. These instruments have a very high Q cavity oscillator and the ability to external tune it using the EXT FM (DC) input. Since this Signal Generator is known to be very low noise (and low spurious) it makes a good candidate to see just how clean the final phase lock is. 

     The SA605 is configured for an IF of 6MHz as previously stated. Low cost ceramic filters are available at this frequency with a BW of approximately 120KHz. The application is straightforward with terminations of 560Ohm resistors DC blocked at input and output of the 6Mhz filters. At the limiter out , pin 11, no connection is made as we wish to inject an external 6MHz reference instead of the usual  FM quadrature element.

Input Signal Levels

      Unlike the receiver mode of operation of the SA605, this application needs LO and RF signal levels that are substantially higher in level. The drive levels to the oscillator port are much higher than would be used in receiver application. In order to generate the high order harmonics of the LO the mixer must be over driven, hence the high drive level at the oscillator port. The RF input levels are also quite high, by comparison, to a typical receiver application. The goal of these higher levels is to get good, clean limiter performance of the IF at 6MHz. This is needed to ensure proper operation of the phase detector. 

      The best power (or level) for the LO input for any given Nth harmonic/RF product was found by experimentation. Each harmonic line was found to have an optimum drive level from the LO (at 64MHz) to achieve maximum IF power at 6MHz as determined by peaking the RSSI. To help determine the optimum LO drive levels for given harmonic product a RF signal generator was used in substitution for the 64MHz crystal oscillator. The harmonic content of the crystal oscillator does effect the final IF at the mixer output. This fact makes it difficult to precisely determine optimum LO power feed. It was also noted that if the RF bypass cap on pin 2 of the SA605 was omitted higher IF power could result. This seemed to happen only at higher RF  input frequencies.

    The applied RF input power @454MHz was also varied. In general it was linear but at high drive levels more inter-modulation products were observed in the mixer output. It was determined that a RF power (@454MHz) level at or near –3dBm resulted in near optimum IF power at 6MHz and optimum limiter operation.

    Injection of the 6MHz reference signal is tricky. When the prospect of doing this was first considered it was thought that such a direct injection at 6MHz would quickly “leak” into the IF path on the chip and “flood” it.  If this were to happen the IF would become a useless mess. But surprisingly there was enough isolation in the SA605 (at least @6MHz) to allow this mode of operation.  By adjusting the power fed to this point it was determined that a power level of approximately –15dBm gave good frequency detector operation while only raising the RSSI voltage by about 30mv. During these power level investigations it 

        
[image: image13.wmf]FIG. 14: HARMONIC MIXER/DOWNCONVERTER WITH NARROWBAND PHASE LOCK



PHOTO 3: 454MHz CARRIER OUTPUT ON SPECTRUM ANALYZER, LOCKED
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FIG. 15: PLOT OF DESCRIMINATOR CURVE WHEN 6MHZ XTAL IS USED
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was also determined that an RSSI voltage of approximately +2.6VDC was good spot for the IF limiter operation. To low a RSSI and the limiter would get noisy, while to high an RSSI and the limiter waveform was not as clean, more distortion.

Phase detector Operation

    The performance of the internal FM detector mixer as a phase detector is quite similar to using a passive double balanced mixer for this purpose. But unlike a passive diode mixer this is an active mixer. This allows lower drive level signals to be used for the reference and signal inputs. The active mixer has a DC offset on it, unlike passive diode types. This offset is applied to the non-inverting input of the integrating loop filter. In order to approximate the phase detector gain (radians/volt) the system was operated open loop. The HP8640B was tuned until a very long period beat not was produced at the phase detector output. These types of phase detectors repeat the error voltage every ( radian’s. In 2( radians the output will have both positive and negative slopes. By measuring the slope and maximum signal excursion an estimate for the detector gain can be made. Using this method the phase detector gain was found to about 2.1radians per volt.

    In operation the output of the detector is a triangle like waveform when the system is not locked. The period of this waveform being equal to the magnitude of the frequency difference of the two signals applied to the detector. The unlocked waveform has a DC offset of approximately +0.78VDC. When locked the output is nearly a constant DC level at the DC offset level applied to the loop filter non inverting input. 

Use of a 6MHz Crystal as an AFC Tuning Element

   This is a good spot to comment on an older method of oscillator stabilization. Instead of injecting a 6MHz reference signal to the detector mixer we configure a Quadrature tank with a 6MHz crystal to construct a very narrow band FM demodulator. When the down-converted signal is in the narrow pass-band of the quad tank a DC voltage will be present on pin 6, the FM out port. This voltage is directly proportional to the IF frequency offset for offsets near the center of the discriminator pass-band. In short a classic error signal is developed, but it is in frequency not phase. If this error signal is properly passed to the loop filter we now have a Frequency Lock Loop. In the old days this would be called AFC. Figure 15 shows the discriminator curve of a 6MHz crystal used as a Quadrature element in the circuit shown in Figure 14. The crystal is just connected between pins 10 and 11. If we can hold the closed loop error voltage steady to under a milli-volt the IF carrier @6MHz will be stabilized to better than 1.3Hz of drift (use the slope of the discriminator curve at its center). 

Results and Conclusions for the Harmonic Mix/PLL System

    The system worked fairly well. A close in spectrum of the locked carrier @454MHz is shown in Photo 3. A wide band check was made and no discernable sidebands were present at the reference frequency offset of 6MHz from the carrier. As expected the acquisition range was limited by the phase detector’s inability to discern large frequency differences. Once locked the loop would track up to the point of the constraints imposed by the FM input of the HP8640B. With the loop filter component values as shown in figure 14, measured phase detector gain (radians/volt) and the tuning port gain (Hz/volt) the loop bandwidth was calculated to be approximately 6KHz. The damping coefficient calculates to approximately 1. These values were not independently measured but judging by the flair in the phase noise shown in photo 3 the calculations seem close, being that the “flair” is approximately equal to loop bandwidth. From the experiments performed it seems entirely plausible the technique used here could be extended to carriers @ 1GHZ and above. Many other combinations of center frequency of the IF, LO and Reference frequency relationships could also be implemented. 

Conclusion of SA605 Article

      A number of applications of the SA605 IC have been presented. Some simple others more complicated. Its is hoped that the reader will be inspired to try some of their own ideas or spin-off’s of those presented here. Good luck.
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