
LKC 

TK 

5102.5 

.C673e 

#1216 
r 9 

LKC 

TK 

5102.5 

.C673e 

#1216 
c.2 

IC 

b te 

I 
, 	 Communications 

- 	 Research 

Centre 

LOYi CONVERSION LOSS DIODE RING MIXERS 

WITH FREQUENCY SELECTIVE TERMINATIONS 

by 

René J. Douville 

DEPARTMENT OF COMMUNICATIONS 

MINISTÈRE DES COMMUNICATIONS 

I 
CANADA 	 OTTAWA, JULY 1971 

CRC REPORT NO. 1216 



COMMUNICATIONS RESEARCH CENTRE 

COMMUNICATIONS RESEARCH CENTRE 

CANADA la. ustry Canada 

Library - Queen 

SEP - 4 7 ' 

Industrie  Canada 
Bibliothèque - Queen 

LOW CONVERSION LOSS DIODE RING MIXERS WITH  FREQUENCY SELECTIVE TERMINATIONS 

by 

René J. Douville 

(National Space Telecommunications Laboratory) 

CRC REPORT NO. 1216 	 Published July 1971 

OTTAWA 

CAUTION 

This information is furnished with the express understanding that: 

Proprietary and patent rights will be protected. 

71-289 





TABLE OF CONTENTS 

1. INTRODUCTION 	  1 

2. LOW FREQUENCY INVESTIGATION 	  2 

2.1 Narrowband System 	  2 

2.1.1 Review of Theory 	  2 

2.1.2 Development of a Narrowband System 	  4 

2.2 Wideband Systems 	  8 

2.2.1 General Comments 	  8 
2.2.2 Analytical Investigation and Results 	  8 

2.2.3 Experimental Investigation and Results 	  10  

3. HIGH FREQUENCY INVESTIGATION 	  21 

	

3.1 Choice and Evaluation of a System Configuration   21 

3.2 Investigation of Low Conversion Loss Phenomenon for Resistively Terminated Mixer 	 23 

4. A RECEIVER SYSTEM WITH MIXER INPUT 	  27 

4.1 	Introduction 	  27 

4.2 Analysis of a Receiver System with Mixer Input 	  29 

4.3 An Experimental Low Noise Figure Receiver 	  30 

5. REFERENCES 	  33 

APPENDIX A 	  35 

APPENDIX B 	  38 

LIST OF SYMBOLS 	  43 



LOW CONVERSION LOSS DIODE RING MIXERS 

WITH FREQUENCY SELECTIVE TERMINATIONS 

by 

René Douville 

ABSTRACT 

The conversion loss of diode ring modulators has been the subject of 
much investigation. In this report, the special case of a diode ring terminated 
at its output by a narrowband tuned circuit and at its input by a wideband 
circuit is investigated. It is shown that the conversion loss of such a system can, 
in theory, be made arbitrarily small. A system operating at an input frequency 
range of 50 kHz to 300 kHz and an output frequency of 700 kHz is described 
and shown to exhibit less conversion loss than that of a resistively terminated 
diode ring mixer. A similar system designed to operate over an input frequency 
range of 1 MHz to 20 MHz is then described. It is shown that the performance 
of this system deviated from the theoretical and in fact, even without selective 
terminations was able to achieve low conversion loss. 

A system is also described which, although not designed specifically to 
minimize conversion loss, is shown to exhibit low noise figure. 

1. INTRODUCTION 

The conversion loss of diode ring mixers terminated in various input and output impedance combinations 

has been investigated for many years. Caruthers' as early as 1939 indicated that, by assuming lossless diodes 

and by terminating the mixer input and output in frequency selective terminations, it was possible to obtain 0 dB 

power conversion loss. Tucker, in 1949 2  and 1952 3 , further elaborated these results and extended them to include 

the effects of finite forward-and-back diode resistances. For the frequency selective terminations, both Tucker and 

Caruthers assumed impedances which were either zero or infinite at all unwanted frequencies. Gensel4  in 1957, and 

Tuckers  and Howson and Tucker' in 1960, derived results for cases where the terminating impedances are limited 

to assuming only a finite number of discrete impedance values throughout the entire range of input and output 

frequencies. In their investigation, Tucker and Howson assumed totally real (or zero or infinite) impedances. Gensel, 
on the other hand, assumed complex imped ances although, in order to render his equations amenable to solution, 

it is necessary to make simplifying assumptions which severely restrict the usefulness of his techniques. In particular, 

his technique requires that over the entire range of input and output frequencies, the number of impedance levels 

which the terminations are permitted to assume is small. Salzmann' in 1961, used a similar technique although he 

made the initial assumption that beyond a certain frequency, the impedances were zero or infinite. In 1964, Kurths  , 
using a computer and using the basic techniques of spectral analysis developed by Tucker and elaborated by Gensel, 
performed an extensive analysis of a ring modulator terminated at the input and output by complex terminations. 

Due to the limited capabilities of the computer to which he had access, he was required to restrict the range of 
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frequencies for which finite, non-zero impedances could be considered. With the advent of modern, high capacity 

computers, this restriction is no longer severe. 

Some of the practical problems encountered with the realization of low conversion loss mixer systems by 

using frequency-selective terminations have been investigated ." ' 9  . However, since the mixer system to be described 

was, ultimately, to be used in the proposed ISIS-C and possibly in the ISIS-B sounder receiver systems, the problems 

associated with the development of a wideband input, narrowband output low conversion loss mixer system were 

of particular interest. In Appendix B, formulas are derived for the conversion loss of such systems. In the analysis, 

the output impedance of the wideband input terminating network is assumed to be totally reactive at all unwanted 

input frequencies, while the impedance of the tuned output network is assumed to be zero or infinite at all 

unwanted output frequencies. It is shown that, under these conditions, it is possible to obtain arbitrarily low mixer 

system conversion losses. 

In Section 2, a system, operating over the input frequency range of 50 to 300 kHz with an output frequency 

of 700 kHz is described. This is followed, in Section 3, by a description of a mixer system originally designed to 

operate over the input frequency range 1 to 20 MHz, the expected frequency range of the proposed ISIS-C sounder 

receiver system. It is shown that the performance of the high frequency system deviated from the theoretical 

performance and, in fact, even without selective terminations, was able to achieve low conversion loss. The cause 

of this anomalous behaviour was investigated and the results of that investigation are also reported. 

Section 4, although not dealing specifically with low conversion loss mixer systems, does deal with the topic 

of mixers whose terminations are frequency selective. In particular, a receiver system is described which consists 

of a diode ring mixer with frequency selective terminations followed by a low noise figure amplifier. It is first shown 

that such a system should exhibit a very low noise figure and the results of an experimental investigation are then 

presented. 

2. LOW FREQUENCY INVESTIGATION 

2.1 NARROWBAND SYSTEM 

2.1.1 Review of Theory 

The four-terminal equivalent to the ring modulator may be represented as in Figure 1. Here y(t) is the 

reversible modulating function defined by 

y34  = y(t)v 1 2 ÷-> V
I 2 

= y(t)V 3 4  

i34  = y(t)i l 2 	1 1 2 = y(t)i3 4  

and is given by 

y(t) = er  (cos  Pt — 1-cos 3pt  + 1-cos 5pt — ....)   (1) 
3 	5 

where p is the local oscillator (LO) or carrier frequency. 
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j34 

V34 rZ1-11 

il2 
••••••11n 

+ 
E cos qt y(t) V12 

Fig. 1. Four terminal equivalent to the ring modulator circuit. 

If the source frequency is q then it is obvious that the output contains components at all frequencies np ± q, 

n odd while the input contains components at all frequencies mp ± q, m even. Many authors 1 -11  have investigated 

the effects of terminating the input and output of the mixer in a variety of impedance combinations at the various 

frequency components. Some of the results of their analyses have been compiled and are given in Table 1 in 

Appendix A. Two cases of particular interest occur for which; 

Case 1 f= q 

Z = S 

all other frequencies np ± q, n even   (2) 

or Case 2 

f=p- q 

all other frequencies mp±q, m odd 

f = p - q 

all other frequencies np±q, n even 

while 

(3 ) 

while RL 	q 

ZL = 

all other 1 all other frequencies mp±q, m odd 

and for which it is theoretically possible to obtain zero loss frequency translation. It may be seen that case 1 

corresponds to a parallel tuned input and series tuned output while case 2 corresponds to a series tuned input 

and parallel tuned output. The conversion loss L, defined to be the ratio of the maximum available power to 

the power delivered to the load at p - q, is given in case 1 by, 

L  = _RS + 1 +  7r 2 R
--& 

71.2  RL  2 	16 Rs  
(4) 



SYSTEM 	PORT I 	PORT 2 	PORT 3 

(a) SIGNAL 	LOAD 	L.O. 

(b) L.O. 	LOAD 	SIGNAL 

(c) SIGNAL 	L.O. 	LOAD 

PORT 
 El

I 

PORT 2 
	o  

4 

and in case 2 by 

L  = ir2 Rs  + 1+  RL 

 16 RL  2 7r2  Rs  

The forward resistance rd  of the diodes is assumed equal to zero and the back resistances of the diodes is assumed 

to be infinite.* 

Equation (4) is minimized for 

while equation (5) is minimized for 

RS2 16 
RI} 7r4  

In both cases, the minimum conversion loss is L =  1. 

2.1.2 Development of a Narrowband System 

2.1.2.1 General Comments 

To verify the above equations, it was decided to build a ring modulator and terminate it in series and parallel 
tuned circuits as approximations to the conditions given in equations (2) and (3). The three mixer configurations 
illustrated in Figure 2 were considered. System (a) was eliminated from consideration when preliminary measure-
ments indicated that it would be extremely difficult to obtain transformers capable of transforming the wideband 
impedance characteristics of frequency selective circuits with any degree of fidelity.t This was mainly a result of the 
practical difficulties encountered in obtaining a transformer with the high primary inductance required (high with 
respect to the series tuned inductance) while at the same time maintaining a low shunt capacitance (low with respect 
to the series tuned capacitance). In certain applications, one of system (b) or (c) may have advantages over the other. 
However, since no such advantage existed here, it was decided to use configuration (b). 

(5) 

RS2 	7r4 _ 
RS2 	Ir4 

RL2 = 16 (6) 

(7) 

Fig. 2. Diode Ring Modulator illustrating three mixer configurations. 

For modern semiconductor diodes, this assumption is very reasonable since the back resistance may be greater than 

100 IvIS2 while the forward resistance may be lower than  12.  

Gensel4  mentions this same problem and Salzmann 7  indicates a method of eliminating the problem. 



Ecos qt 

2.1.2.2 Preliminary Investigation 

The circuit shown in Figure 3, but without the series tu rned input and using the following parameter 

values, was built to isolate and analyze some of the problems to be met: 

I.  R = 600 - 7002.  

2. Frequencies q -›- 10 kHz (signal or RF) 

p - q -> 20 kHz (IF) 

p -› 30 kHz (LO) 

3. R o  25 , 50, 100,430 2  

4. VLO  = 35v p-p 

5. T1 (a) 500 pH primary inductance 

(b) 10 mH primary inductance 

6. Rp  = 11M, RL  = R II r where RL  is the effective load resistance and rp is the effective P p 

parallel resistance of the tuned transformer 

RL was determined to be  650&  

7. C 1  = 0.1pF chosen to be as large as possible (for high tuned circuit loaded Q) consistent with 

a reasonable component Q at 20 kHz. 

8. T2  L  = 320,uH primary inductance chosen to give p - q (IF) at 20 kHz with C 1 . 

L.O. 

5 

Fig. 3. Narrowband, Low Frequency, Low Conversion Loss, diode ring mixer system. 



(8) 

(9) 

6 

The resultant operating Q was 

Qetï, 	650 II  650 
=8 

XT 

The FD111 diodes were chosen on the basis of high switching speed, high conductance and greater than 250 MA 
average current capability. 

With lv p - p signal input, the output signal level at the upper sideband frequency (p + q -› 44 kHz) was 
found to be approximately 20 dB below the IF at p - q (20 kHz). This distortion, visually noticeable on the 
output waveform, was approximately that predicted for a Qeff  of 8. 

For 700 mA peak-to-peak LO drive current from a loon source, a substantial "dead zone" (when the 
diode ring is open) was seen to occur. Although the duration of this dead zone depended, as expected, primarily 
on the frequency of operation, some dependence on the primary inductance of Ti and the magnitude of the 
LO source impedance RL0  was also indicated. It was concluded that the magnitude of R L0  should be 

maximized subject to the limitation that the diode current, remain large enough to keep the diodes still well 
into the ON region. Also, the Ti  primary inductance should be as large as possible to minimize the magnetizing-
current-to-diode-current ratio provided the transformer leakage inductance does not begin to interfere with the 
switching of the diodes for the particular value of RL0  chosen. 

2.1.2.3 A Narrowband System 

Using the above results as guidelines, the complete circuit shown in Figure 3 was constructed. 

A further restriction imposes itself in tuning both the input and the output. The effective Q of the parallel 
tuned output circuit  is given approximately by 

ir2 

RL II iT Rs 	RL 	1 
Qpeff —  (p  -ci)  L  

	

2(p-q) L 	2 
	C

P  R
L  = (p- q) C 1  RL  

P 	 P 

while that for the series tuned circuit is given by 

cILS 	cILS 	7r2 cILS 

	

Qseff Rs  + 4 RL  — 2R 	8 R 
2 7 7 

since for the zero conversion loss case RS  — —
4 

RL' These Q values are, strictly speaking, restricted only by 71.2  

the magnitudes of available components. In practice, the maximum value of Ls  is limited by the effect of stray 

inductor winding capacitance. Also, the maximum value of C 1  is limited by the deterioration in Q of available 

capacitors as their values increase. Due therefore to these limitations in Ls  and C 1 , for any desired frequency 

of operation, Q s  and Q are dependent in inverse ways on RL . Thus, the choice of RL  is very important in 

obtaining high working Q's at both the input and the output. 

* 	The effective resistance paralleling the output tuned circuit is equal to the load paralleled by the transformed source 

impedance which in this case is R = Rs. 
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In the final circuit, Ls  = 95.3 mH with a Q of 200-400 in the frequency range 11 - 50 kHz with a 

winding capacitance C o ' = 29 pF corresponding to a measured self-resonance of 105 kHz. The operating 

frequencies p and q were selected to give the following nominal circuit frequencies in order to take advantage of 

the Ls  impedance variations: 

Input Signal (RF) 

LO Frequency 

Output Signal (IF) 

Upper Sideband 

Image 

Converted Upper Sideband 

q 	20 kHz 

p 	52.5 kHz 

p-q -› 32.5 kHz 

p+q -4- 72.5 kHz 

	

2p-q -› 85 kHz 	suppressed by self 

2p+q 125 kHz resonance of L at 105 kHz. 

Cs  was then chosen as 680 pF. With C 1  = 0.1pF(Q. -_-'200), the primary inductance required at the output 

transformer was determined, wound and measured to be 126pH, which when resonated with C 1 , gave an 

unloaded Q of 50. With Rp  = 5.8 kn, the effective load resistance RL  = lkS2 . 

For this value of load resistance, zero conversion loss operation requires that the source resistance Rs  

4 
be Rs  -- 	RL  = 405 2 . The value of R was taken to be equal to the sum of the generator resistance R 

and the effective series loss resistance rs of the series tuned circuit. R was therefore adjusted until the value of 

Rs = 405n was obtained. 

The LO transformer Ti, was wound to have a primary inductance LL0  of 9 mH which is equivalent to 

restricting the peak LO magnetizing current to less than 10 per cent of the peak diode current. The corresponding 

leakage inductance was measured to be 16 pH. The LO source impedance was selected to be Iks2 with the 

LO level adjusted to give 15 mA zero-to-peak per diode on current (on resistance '="=-.' 10 n). 

Once all components were connected, the signal and LO frequencies were tuned to obtain a maximum 

output. It was found that the input current varied with frequency as indicated in Figure 4. 

Fig. 4. Variation of input current with signal frequency. 

i s  
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This may be considered to be a result of the amount of coupling which the input and output tuned circuits 

experience through the mixer. The local minimum (A) was found to coincide with maximum output as well as with 

the resonant frequency of the series tuned circuit alone. 

the mixer was 

measured to be 383 2. This is equivalent to an RL  = 	• 383S2 = 9462  which compares favourably with the 

actual value of ikn. The conversion loss was then measured to be 

E2 RL  
L = 7cris  

= 2.59) 2  1000  - 1.24 -› 0.9 dB. 
1.83 	4x405 

It may be argued that, since the series and parallel tuned circuit losses have been included in the source and 

load resistances, the conversion loss figure quoted is not realistic; in fact the conversion loss in the above case 

without the loss resistances taken into account was greater than 10 dB. However, since the purpose of the 

experiment here was to verify the theory, the actual location of the source and load resistances was not of 

great importance and special pains were not taken to isolate these losses from the tuned circuits. 

The above result may be taken as sufficient indication that the theory is indeed correct and that is is 

possible to terminate ring modulators in frequency selective terminations, to obtain low conversion loss. 

2.2 WI DEBAND SYSTEMS 

2.2.1 General Comments 

Although it has been shown that it is possible to obtain low conversion loss frequency translation in 

narrowband systems, in many applications a wideband input is desirable. Therefore, the possibility of terminating 

the input in either a lowpass or broadband bandpass network was investigated. 

The low conversion loss theory as developed in the literature assumes either zero or infinite impedances 

at unwanted frequencies 1,2,5  or alternatively, the impedance is limited to a small number of discrete impedance 

levels each of which exists over a corresponding range of unwanted frequencies'''. It is therefore very difficult, 

on the basis of this theory, to predict the effects of finite, continuously varying reactive terminations at these 

frequencies on the performance of diode ring modulators. As an alternative, the impedances occurring at unwanted 

frequency components in the narrowband case were used as guidelines in a computer-aided investigation of 

various lowpass and bandpass impedance characteristics. In general, it was found that the high or low impedance 

required to satisfy 1.  '2  ' 5  could not be maintained over the full range of unwanted frequencies (even if that range 

were limited only to the image frequency at 2p-q) unless the IF was far removed from the highest RF frequencies. 

In the proposed ISIS-C sounder receiver for which the investigation was instigated, this situation would not be 

satisfactory since it could result in severe problems with oscillator stability. It was therefore decided to investigate 

the theory of mixers whose inputs are terminated in impedances which are finite and reactive at unwanted 

frequency components. 

2.2.2 Analytical Investigation and Results 

A complete analysis appears in Appendix B and applies to the systems shown in Figure 5. In these systems, 

it is assumed that the impedances of the series or parallel tuned output circuits are either zero or infinite at 

frequencies other than the IF. The output impedance of the input filter is limited only by the assumption that 

it be totally reactive at all unwanted input frequencies. It is also assumed that the diodes have zero forward 

resistance and infinite back resistance. 



VI2 
•• • • 

VL V34 
•• • • 

1 	A 1 	1 	1 	1  f. ) 

Xeq 	9;_i_ 	_ 25X4+  

(1 1) 

where 

and for system B 

where 

Rs 	RL  2 	 X 2 
_4_ 

-7 	- ) 2  + [( 	 2  RS 2 ] 4RL  - Rs  Ir  

TUNED TO p-q 

j34 

9 

ii2 

VI • Ecos (qt +e) LP FILTER 
Zo =Rs 

MIXER 
Y(t,p) 

s ,+ 
V34 

RL _ 

ZI 

SYSTEM A  

TUNED TO p-q 

j34 1 12 

LP FILTER 
Zo = Rs 

MIXER 
Y(t,P) Vi Ecos (qt +e) VI2 

SYSTEM B 

Fig. 5. Wideband-input low conversion loss mixer systems. 

From the Appendix B, the conversion power loss of system A is given by 

L = 
R 	 + L 	•ir RS 	2 	+ 

4 RS 2  

—)2  
4Rs  2 RL 	 7l2 X

eq
2  

(10) 



and 

4 Xeq2 

1 RS2 
System A L = 1 + 	 (16) 

10 

In these equations R s  is the source impedance equal to the lowpass fl1i characteristic impedance, RL 

is the load impedance and Xeq, defined as indicated, represents the effect of the finite reactive impedances at 

the unwanted frequencies in the stopband of the filter. Equation (10) is minimized for 

	

2 	Xeq  

	

R • = — 	(  	) 

	

Lmm 4 	/ 2 
Xeq2 

(12) 

and the minimum is given by 

N/R
S
2 + X

eq
2

, 
L • = —1 [1 + mm 2 	Xeq 

Likewise, equation (11) is minimized for 

X 2  

RLmin = 7r-2-  RS 	1+ 2  

and the minimum is given by 

	 (13) 

	 (14) 

Xpn 2  
L 	= 1 — [ 1 +1 1 -I- (15) min 2 	 Rs2  

7r2 	 4 
In most practical cases, RL  is made equal to 	Rs  in system A and 	in system B since RL  as 

specified by equations (12) or (14) is dependent on Xeq  and is therefore frequency dependent and very difficult 

to realize. The conversion losses are then given by 

1 
x

eq
2 

System B L = 1 _ + 4  Rs  2 

Equations (13) to (17) inclusive are plotted in Figure 6 and indicate that even for the extreme case when 

Xeq  is equal to Rs , the conversion losses are still less than 1 dB or about 3 dB improvement over the resistively 

terminated case. Typically Xeq  is 2 or 3 times Rs  for system A and 1/2 to 1/3 of Rs  for system B. For 

completeness, the derivations of the input impedances  Z. of the above systems are also included in Appendix B. 

2.2.3 Experimental Investigation and Results 

To verify the above results, a mixer system similar to that shown in Figure 10 (page 13) but without the 

frequency dependent terminations was constructed. The results of section 2.1 were used as guidelines in selecting 

the component values. However, initial measurements indicated excessivly high losses which further investigation 

revealed to be a result of excessive interwinding capacitance in transformer Tl. This may be illustrated as 
follows. 

(17) 

The signal transformer may be drawn as in Figure 7 (a) where the effects of transformer inductances and 

shunt capacitances have been neglected. If the diode ON resistance rd  is assumed to be zero, then the transformer 
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Fig. 6. Minimum conversion loss and required load resistance for mixer 

with lowpass filtered input and tuned output. 

CI 

Fig. 7(a). Signal transformer circuit where the diode ring is represented by a reversing switch. The 

capacitors C1  and C2  represent  the  transf6rmé r inter-Winding capacitance and the remainder of the 

' transformer is assuined ideal. 
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equivalent circuit appears as in Figure 7, (b) and (c), for the two switch positions. If it is assumed that the 
switching frequency is much higher than the signal frequency, the circuit output voltage waveform appears as 
shown in Figure 8*. The time constants of the transients may be obtained from Figure 7, (b) and (c) and are 
r 1  = (Rs  /1  R) (C 1  +  4C2 ) and 7-2  = (Rs  / f Ri ) C I . For the transformer and circuit used, C 1 	C 	70 pF 

and Rs  = RL  = 500 ,S2 giving r 1  = 87.5 ns and r2  = 17.5 ns. 

"r2 = ( Rs ORO (CI + 4C2) 

Fig. 7(b). Equivalent to (a) 
with the switch in position 1. 

( RS IIROC 

Fig. 7(c). Position 2 where rd  

has been as: sumed equal to zero. 

0
1 

0.1 
I 	1 	1 	I 	I 	I 	I 	I 

0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.6 	0.9 
TIME (itS) 

Fig. 8. Output voltage waveform of circuit in Fig. 7(a) for C1  = C2  = 70pF and 

for C1  = C2  = O. The source voltage is assumed to be constant at 1V. 

These results were obtained using an ECAP transient analysis program in which the transformer in Figure 7 (a) was simulated 
by using a system of interdependent sources. 
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Also shown in Figure 8 is the output voltage for C 1  = C2  = 0. The difference between these curves 

represents a power loss which, although dissipated in R and R may be considered as caused by C 1  and C 2 .  

For the waveforms shown in Figure 8, the loss is greater than 1 dB. To reduce this loss, transformer Ti  was 

rewound in the configuration indicated in Figure 9 (b) using insulating material of low dielectric constant 

(teflon). The interwinding capacitances, C 1  and C 2  were reduced to approximately 7 pF each with resultant 

time constants of r 	9 ns and r2 = 2 ns. 

The system shown in Figure 10 with the parameter values indicated was then constructed. This system, 

with the lowpass filter and series tuned circuit replaced by suitable source and load resistances, gave a con-

version loss of 4.2 dB. It was decided to obtain measurements with 3, 4 and 5 pole Butterworth lowpass 

filtered inputs in ordei to assess the effects of various impedance characteristics on system performance. The 

lowpass filters used and their impedance and insertion loss frequency responses are indicated in Figures 11 to 

14. 

I—SECONDARIES 	  

Fig. 9. Transformer Ti winding cross-section for (a) transformer as originally used 

(b) transformer as wound for low interwinding capacitance. 

T2 1:111 T1 1:1i1 

PRIMARY INDUCTANCE Lp 	 2.25 mH 	128 »11 

INTERWINDING CAPACITANCE Chs 	10 pF 

SHUNT INtERTURN CAPACITANCE Cs 62 pF 	12 pF 

LEAKAGE INDUCTANCE 	R 	140 	0.86/el 

Fig. 10. Low frequency, low conversion loss, wideband input mixer system. 
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Fig. 11. Impedance response of 500S2 3-pole Butterworth lowpass filter 

measured on a HP 4800A vector impedance meter. 
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Fig. 12. Impedance response of 4-pole Butterworth lowpass filter as measured 

at the capacitive terminals on a HP 4800A vector impedance meter. 
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Fig. 13. Impedance response of 5-pole Butterworth lowpass filter measured 

on a HP 4800A vector impedance meter. 

Fig. 14. Attenuation frequency responses of 3-, 4- and 5-pole Butterworth lowpass filters. 

The frequencies f 3  =217 kHz, f4  = 270 kHz and fs  = 296 kHz correspond 

to the 3 dB corner frequencies of the 3-, 4- and 5-pole filters respectively. 
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4 
For a 500 n source impedance, the theoretically optimum value of R L  should be RL  = 	x 500 = 203 SI 

7r 

However, it was decided to vary the load resistance from 100 E2 to 500 S2 to evaluate its effect on the mixer 
conversion loss. The resultant IF circuit Q could therefore drop to as low as 6 and climb to as high as 30. As in 
the narrowband case, the effective load resistance was again taken to be the sum of the external load resistance 
R and the series loss resistance rs' The system used to measure the conversion loss is shown in Figure 15. 

INPUT VOLTAGE MEASURED WITH MIXER DISCONNECTED 

GENERATOR 
RHODE + 

SCHWARZ 
SBF 

Fig. 15. Mixer conversion loss measurement system. 

The dependence of conversion loss on load resistance for various selected frequencies is shown in Figures 
16, 17 and 18 for the 3, 4 and 5 pole Butterworth lowpass filters, respectively. It is obvious from these curves 

that the optimum value of load resistance 
R.L,op t  is in general substantially higher than the r.dculated value of 

4  
RL  = Rs  = 203E2. 

It may be shown that this effect is mainly a result of the variations in filter insertion loss caused by 
terminating the filter in an impedance other than its characteristic impedance. To illustrate this, curves indicating 

the variation in filter insertion loss with terminating impedance are included in Figures 16, 17 and 18 for the 
specific cases of signal frequencies equal to, first of all, 100 kHz and, secondly, approximately equal to the 3 d13 
frequencies of the filters.* It is obvious that these curves, when added to the theoretical (ideal) performance 
curves, will result in higher effective values of RLopt, in particular at the higher signal frequencies. At low signal 

frequencies, it may be seen that this effect will be less pronounced. However, at low signal frequencies, a 
secondary effect begins to appear and may be accounted for by the effect of Xe q as embodies in equation (4) 

4 
and illustrated in Figure 6. For example, if Xeq  is very small, then the optimum value of R L  is RLopt  = —2  Rs  

7r 

20052. However, if Xeq = Rs, then R.Lop L 	 L, , = 0.55 Rs  '_--,–_- 275E2 and if Xeq 2Rs , then R. op  = 0.9 Rs  

450E2. It may therefore be expected in practice to find RLept  for minimum conversion loss to be somewhat 

greater than 
4 

Rs. Furthermore, since Xeq  increases (for the filters used) as the signal frequency is decreased, 
IT 

it may also be expected that this effect will appear mainly at the lower input frequencies. It should also be 

noted that as RL is decreased, the higher ratio of diode ON resistance to load resistance may contribute further 

loss. 

These curves arc theoretical and were obtained using computer-aided design techniques. 
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The conversion loss frequency responses for the mixer with its input terminated in each of the three low-

pass filters are shown in Figure 19. The values of load resistances used in each case were selected using the curves 

of Figures 16, 17 and 18 and were, for the 3 pole lowpass filtered input case RL  = 260e and for the 4 and 5 

pole cases RL  = 300S2. The 1.5 to 2.0 dB conversion losses in the system passbands constitute an improvement 

of 2.0 to 2.5 dB over that of the resistively terminated mixer. In all cases the increase in conversion loss with 

frequency may be seen to coincide very closely with the increase in the lowpass filter insertion loss as the cutoff 

frequency is approached. Also noticeable in Figure 19, in particular for the 4 and 5 pole cases, is a distinct 

fluctuation in conversion loss for input frequencies of about 100 kHz to 150 kHz. For these signal frequencies, 

the 3 p-q frequency components at the output of the circuit occur at 2.3 MHz to 2.4 MHz which, it was found, 

coincides with the self-resonant frequency of the inductor in the series tuned output circuit. This coincidence 

should result in a decrease in conversion loss at these frequencies. However, in the case of the 4 pole lowpass filtered 

input case, the conversion loss actually increased. The cause of this effect was not determined. 

0 

150K 	 200K 

FREQUENCY (Hz) 

Fig. 19. Conversion loss of the mixer terminated at its input by 3-, 4- and 5-pole Butterworth lowpass 

filters. The load resistances were 260S2, 30052 and 3oon, respectively. 

In conclusion, a system is described which is capable of 1.5 to 3.0 dB conversion loss for a 50 kHz to 

275 kHz signal frequency with an IF frequency of 700 kHz. Furthermore, the results indicate that an even 
wider band of operation might be obtained by increasing the lowpass filter bandwidths. These results verify the 
ability to obtain low conversion loss frequency translation for systems whose inputs are wideband by using 
diode ring modulators terminated in frequency selective impedances. 

In the above results, the series loss resistance in the IF tuned circuit was included in the conversion loss 
calculation as part of the load, to conform more closely to the theoretical operation of the system. If this 
resistance is not taken into account, the conversion loss is downgraded by approximately 0.4 dB for the values 
of load resistances used in obtaining the system frequency responses. This results in a wideband (50 to 225 kHz) 
conversion loss of 1.9 to 2.4 dB, still a substantial improvement over the resistively terminated case. 

50K 
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3. HIGH FREQUENCY INVESTIGATION 

3.1 CHOICE AND EVALUATION OF A SYSTEM CONFIGURATION 

As mentioned in the introduction, this study was originally initiated to investigate the feasibility of 

incorporating a low conversion loss mixer system into the ISIS-B and the proposed ISIS-C sounder receivers. 

Having indicated the feasibility of designing low ,  frequency wideband mixer systems capable of less than 4 dB 

conversion loss over an input frequency range of greater than 6 to 1,,  it remained to investigate the problems 

encountered in extending these results to include the high RF frequencies encountered in the sounder program 

(up to 20. MHz). 

The first system to be considered had the configuration shown in Fig. 20(a)..However, it was found that in 

order to obtain a sufficiently high Q in the tuned output stage, both a very low value of transformer primary 

inductance as well as a very high value of load resistance RL  would be required. Typically, the minimum practical 

value of transformer primary inductance is of the order of 10. For a nominal value of load resistance of 

RL  -= 5002, this value corresponds to a loaded Q at 20 MHz of approximately unity. To obtain a Q of 10, it 

would therefore be necessary to use an RL  of soon. This value, as well as being of the same order of magnitude 

as typical values of transformer shunt resistance, by equation (12) requires a value of source resistance and 

Fig. 20. Wideband input mixer configurations 
(a) tuned transformer output 

(b) wideband transformer input. 
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therefore lowpass filter characteristic resistance of'R s 	21Q. Filters with characteristic impedances as high as 

this require 15 to 20 pH inductors which have, typically, self resonant frequencies of approximately 25 MHz 

for RF chokes and as low as 50 MHz for air core inductors. Obviously, such self resonances can severely alter 

the impedance response of the lowpass filter. 

The dual of the system in Figure 20 (a), obtained by interchanging the input and output ports, is shown 

in Figure 20 (b). This system has the decided disadvantage that transformer T2 is required to transform a wide 

band of frequencies with a high degree of fidelity. 

An alternative to the above two systems is shown in Figure 21. With this system, no transformers appear 

in the signal flow path except indirectly. Also, for the case where inductor L in the tuned output stage is the 

same as the primary inductance of T2 in Figure 20 (a), the output circuit Q is improved by a factor of four 

over that in Figure 20 (a). Therefore, a circuit with the configuration shown in Fig. 21 was built. 

TI LpI.9pH= PRIMARY INDUCTANCE 

Cl" 2.2pF INTERWINDING CAPACITANCE 

• 	J 

DIODES — IN4307 MATCHED DIODE QUAD. 

Fig. 21. Wideband input mixer system with balanced-to-unbalanced matching network output. 

Preliminary measurements made with an 8 MHz input frequency and without the input lowpass filtered 

indicated conversion losses of approximately 4.6 dB with a very' strong dependence on LO level. Since the LO 

transformer being used had an interwinding capacitance of 10 pF, the transformer was redesigned specifically 

to give a low interwinding capacitance. With the new transformer (parameters as indicated in Figure 21) and 

with a 1N4307 high speed, high conductance, low capacitance, matched diode quad to replace the HPA 5082-1002 

1002 diodes originally used, the minimum conversion loss decreased to 3.8 dB at 8 MHz. Since the conversion 

loss again exhibited a strong dependence on LO level, and since 3.8 dB is less than the predicted minimum 

conversion loss of 3.92 dB for this particular configuration, it was decided that further investigation was needed 

to determine the cause of these unusual effects. 
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Although the mixer did not appear to be performing as expected, it was nevertheless decided to investigate 
the frequency dependence of the mixer conversion loss and the effect of lowpass filtering the input signal. The low-
pass filter used was a modified Butterworth 4 pole lowpass filter for which the impedance response and circuit 
diagram are shown in Figure 22. The modifications were necessary to accommodate and, by locating the resultant 

impedance peak near the 2p- q image frequency range, to make use of, the input inductor self-resonance. It was also 

decided to include the filter as an integral part of the mixer system since it was found that the capacitances of the 

BNC coaxial cable connectors greatly affected the impedance of the filters. The conversion loss variation with 

frequency for both the resistive input and for the lowpass filtered input case are shown in Figure 23. To obtain these 

results the LO level was adjusted to give the minimum conversion loss at each frequency. It is obvious from Figure 

23 that, since the conversion loss for the resistive input case is already very low, the effect of the lowpass filter is, 

in general, a downgrading of the conversion loss performance. It was decided at this point to investigate further 

both the strong dependence of conversion loss on LO drive level and the cause of the low conversion losses 

obtained with the input resistively terminated. 

Fig. 22. Impedance response and circuit diagram of the modified 4-pole Butterworth lowpass filter. 

3.2 INVESTIGATION OF LOW CONVERSION LOSS PHENOMENON 
FOR RESISTIVELY TERMINATED MIXER 

To ensure that the unexpectedly low conversion loss of the mixer with resistive input termination was not 

a property peculiar to the 1N4307 diodes, the 1N4307 diode quad was replaced successively by 1N3600's, 

1N916A's and, a Schottky barrier diode quad, the HPA2374. This latter was included to investigate the 

possibility that the anomalous behavious might be related to the phenomenon of charge storage as explained by 

Colin and Salzmann' 2  and Gardiner and Howson' 3  . In their analyses, it is indicated that if, as a result of charge 

storage, the time taken for the diodes to change state is equal to one-third of the switching period, then all 

terms of order 3n, n odd, may be eliminated from the mixer modulation function, with a corresponding 

reduction in conversion loss. The results for the various diodes are plotted in Figure 24 as functions of the 



C
O

N
V

E
R

S
IO

N
 L

O
S

S
  (

d
B

)  

4 

7( INPUT LOWPASS FILTERED 

3 

RESISTIVE INPUT R5=  I KS), 

0 

20 40 

24 

10 	 2.0 	 4.0 	6.0 	8.0 	10 

SIGNAL FREQUENCY (MHz 

Fig. 23. Conversion loss frequency response of high frequency wideband diode ring mixer 

for both the resistive and lowpass filtered input cases. 

peak LO current per diode and for a signal frequency of 5 MHz. The values of Rs  and RL  used to obtain 

these results were adjusted to  1k2 and 960E2 respectively where RL  is equal to Rp  in parallel with the tuned 

circuit equivalent shunt loss resistance (see Fig. 21). The RF signal open circuit level was adjusted to approximately 

9 mV rms. The LO current was measured in the secondary of Ti  using a Rhode and Schwarz USVH selective 

microvoltmeter equipped with a Tektronix P6020 current probe. The input and output voltages were measured 

using the same microvoltmeter equipped with a Tektronix P6046 differential high impedance probe. 

It is obvious from the results in Figure 24 that for each of the diodes used, the mixer conversion loss 

exhibits to varying degrees a marked dependence on LO drive level. However, in the case of the HPA 2374 

Schottky barrier diodes, this anomalous barrier is not as pronounced. This would tend to support the theory 

that the unusual behaviour was an effect of charge storage since Schottky diodes exhibit essentially no charge 

storage. However, without the effects of charge storage, the minimum conversion loss with the HPA 2374 

should be 3.92 dB and not 3.6 dB as obtained. In addition, the effect of charge storage would be, at best, to 

reduce the mixer conversion loss to a minimum of 3.6 dB for the configuration shown" and not 1.75 dB and 

2.2 dB as obtained for the 1N3600's and the 1N4307's respectively. 
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To investigate the function of the tuned output circuit in the anomalous performance of the mixer 
conversion loss, the tuned output circuit was replaced by a center tapped autotransformer of inductance 
Lp = 29,uH and the 1N4307 diodes were replaced. Although the self resonant frequency of the autotransformer 

occurred at 22 MHz and was chosen as the output frequency, with the source resistance adjusted to 420 2 and 

the effective load resistance (again incorporating the autotransformer losses) adjusted to 430n , the output was 

essentially wideband with a measured 3 dB frequency range of 8 MHz to 75 MHz. The conversion loss variation 

with  LU drive level was again measured and is included in Figure 24. It is obvious from these results that the 

elimination of the tuned output resulted in a very noticeable decrease in the conversion loss dependence on LU  
drive level and a corresponding increase in conversion loss from 2.2 dB to 4.6 dB. This behaviour would suggest 

the possibility that the tuned output circuit might be acting as a form of idler circuit. 

0.4 	0.8 	1.0 	2.0 	4.0 	6.0 	10.0 	20.0 	40.0 60.0 	100 
LOCAL OSCILLATOR PEAK /DIODE CURRENT (mA) 

Fig. 24. Conversion loss of diode ring mixers using various diodes as functions of the local oscillator 

drive current and for a signal frequency of 5 MHz. 

Before proceeding further with the investigation, it was decided to remove as much as possible all frequency 

dependence from the output circuit by replacing the output circuit with a center tapped resistor of value 

2R = 930S2, as shown in Figure 25 (a). With the output measured differentially across this output resistor, this 

system may be shown to be equivalent, with respect to the signal path, to a system with a center tapped output 

transformer. This is illustrated in Figure 25 (a) where the diode ring is represented by a system of switches. Note 

in Figure 25 (a) v20  = (v 1  + v2 )2  = v2i  4- v22  + 2v 1  v2  = v21.  + v22  since at all times one of v 1  or v2  is zero. 

Therefore, the output power is given by 

2 	2 
V m v 

Po = v2 /R + v2 /R 
2 — 	

2  

2 
Vo  

R 
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(b) 

Fig. 25. An illustration of the equivalence between 

(a) the center-tapped resistor output and 

(b) the center-tapped autotransformer output. 

The output power in Figure 25 (b) is Po  = v20 /R and, since it is obvious that v o  is the same in this case as in 

Figure 25 (a), the output powers for the two systems are identical. Note also that this equivalence is maintained 

as long as v 1  and v2  in Figure 25 (a) do not overlap in time. The conversion loss performance of the system 

with the center tapped resistor was measured and is shown in Figure 26. The close similarity between these 

results and those for the autotransformer output case may be considered to constitute proof of the equivalence 

of the two systems in Figure 25 (a) and (b). 

Due to the strong dependence of mixer conversion loss on LO drive level, and due to the substantial 

decrease in conversion loss with the addition of the tuned output circuit, it was postulated that the anomalous 

behaviour might be caused by varactor effects. This postulate is based on the supposition that the power series 

describing the variation of the varactor junction capacitance with the voltage contains a substantial linear (zero 

order) .term. In this case it is theoretically possible to draw power from the LO and dissipate it in the load at 

the IF output frequency. However, only if the coefficient of the zero order term is sufficiently large will the 

power contributed by the LO be substantial and will the reduction in mixer conversion loss be significant. It 

may be expected that a larger capacitance variation with voltage will occur for a varactor diode rather than a 

diffused or Schottky diode. For this reason, it was decided to replace the mixer diodes with four Varian VAT 

73ET 12.0 to 15.9 pF abrupt junction varactor diodes. The resultant conversion loss variation with LO drive 

level is included in Figure 26 and the.variation with signal frequency is shown in Figure 27. It is obvious from 

these results that some IF output power is being derived from the LO since the mixer system actually displays 

a conversion gain of as high as 6.3 dB. Due to lack of time, a more extensive investigation of these effects was 

not performed. Points to be investigated could include the effects of: 
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(a) tuning one or the other or both of the input and output ports, 

(b) using varactor diodes of different zero bias junction capacitances, 

(c) using hyper-abrupt junction varactor diodes (whose junction capacitance varies 

approximately as VD-2  rather than VD-112  as it does for the abrupt junction diode), 

(d) changing the operating frequency range from HF to VHF or MF. 

27 

Fig. 26. Conversion loss of diode ring mixers using various output circuit configurations as functions of 

the LO current and using a 1N4307 matched diode quad at a 5 MHz signal frequency. Included is the 

conversion loss of a diode ring mixer using VAT73ET varactor diodes. 

4. A RECEIVER SYSTEM WITH MIXER INPUT* 

4.1 INTRODUCTION 

A typical superheterodyne receiver front end is shown in Figure 28(a). In general such systems are evaluated 

with respect to two basic performance criteria: intermodulation (IM) performance and sensitivity or noise figure. 

The noise figure of the system in Figure 26(a) is, in general, determined primarily by the noise figure of the RF 

amplifier since the effect of the noise figure of the mixer and tuned IF amplifier on the system noise figure is 

reduced by a factor equal to the RF amplifier gain. Likewise, the IM performance of the receivers is, especially for 

wideband RF cases, largely determined by the IM performance of the RF amplifier. 

The system to be described is based on a concept introduced by R.J. Bonnycastle in his report A Study of Low -Noise Wide 

Dynamic Range Radio Freq.  uency Front End Amplifiers' . This same report may be consulted for general results concerning 

IM performance and noise figures. 
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Fig. 27. Conversion loss variation with signal frequency for a 1N4307 matched diode quad and for four 
VAT73ET varactor diodes. The LO level is adjusted in each case to give minimum conversion loss. 
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Fig. 28. (a) A typical superheterodyne receiver front end 

(b) an alternative. 
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An alternative form of superheterodyne receiver front end in which the RF amplifier is eliminated altogether 

is shown in Figure 28 (b). Besides eliminating the 1M distortion which normally occurs in the RF amplifier, the 

removal of RF amplification results in lower signal levels at the inputs of the mixer and tuned IF amplifier. Such 

a reduction in signal levels results in a reduction in the IM contributions of the mixer and IF amplifier' with a 

corresponding further improvement in the overall system 1M performance. However, since the elimination of the 

RF amplifier also results in the system noise figure now being determined by the IF amplifier and mixer stages, 

it is therefore necessary for these stages to have as low noise figures as possible. 

4.2 ANALYSIS OF A RECEIVER SYSTEM WITH MIXER INPUT 

A system designed to meet the above specifications is shown in Figure 29. It should be noted that this 

system is designed on the basis of noise figure and not power loss since, using lossless components and an 

infinite input impedance FET amplifier IF stage, the power loss of this system will be infinite. 

- - - 

1 INPUT STAGE 

L 	rs 

n••nn• 

RF 

FILTER 

Fig. 29. A receiver front end without RF amplification 

The noise figure of this system is very difficult to evaluate although tentatively it may be estimated as 

follows. Using Friis's equation for the noise figure of cascaded stages'', the system noise figure is given by 

NF — NF + - T 	IS 	Gm 

where NFT — noise figure ratio of system 

NFIS = noise figure ratio of input stage 

NFIF = noise figure ratio of IF stage 

Gm = available gain of input stage. 

For reasons which will later become apparent, the series tuned L-net  lias  been included in the input stage and 

is considered to assimilate the gate-to-source capacitance of the FET amplifier stage. For the moment, consider 

the input filter to be a parallel tuned circuit tuned to the signal frequency and consider also that the antenna 

may be replaced by a current source of value i in parallel with a resistance R
g 
 From Appendix A, the current 
. 

gain of a ring mixer terminated in this fashion is given by 

-ig 2+ 1r RL  

iL  ir 2 Rg  

NFIF-1  

(18) 
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where RL' is the equivalent load resistance as seen by the mixer. Also from Appendix A, the mixer output 
4 

 impedance at the IF frequency is Zo  = 7  Rg. Therefore, if the input stage is terminated in Zo ' = Q2 4  
Tr 

where Q is the loaded Q of the series tuned circuit equal to (27rfIFL.-.)/(4R /e2  ), then the value of R L' to be 
4 	 g 

used in equation (18) is RL' = 	R.  The maximum available gain Gm  of the input stage is therefore given by 

P 

	

A  o available 	RLL2 	(4Rg//r2)(1ri
g
/4)2 

Gr,r, — 	 A  — 	 1 

	

ri available 	Rgig2„  /9” 	R i 2  /4 
— 

g g 

with the result that the system noise figure is reduced to NF T  = NFis  + NFIF  -1. 

Furthermore, if it is assumed that the input stage noise contribution occurring as a result of component 

losses and diode dynamic resistances is negligible with respect to that from the source and load impedances, 

the system noise figure NT  is then equal to NFIF. Also, by a suitable choice of impedance levels and field- 

effect transistor amplifier configuration, NF IF  may be made less than 1 dB. It is therefore theoretically possible 

using this system to obtain a receiver noise figure as good as and possibly better than even the best of super-

heterodyne receivers which use RF amplifiers. 

Unfortunately, the above analysis has many shortcomings. For one, the analysis is not readily extendible 

to the case where the RF filter is a lowpass filter. However (as shown in Section 1.2.2) for _a-suitable lowpass 

filter , the operation of such a system is quite similar to that with a parallel tuned input. The results when using 

a lowpass filter may therefore be expected to be somewhat similar to those developed above. 

Another serious shortcoming of the above analysis is the assumption that the source impedance is totally 

resistive. Since the source in many cases will be an antenna having a large reactive component, and since this 

system is particularly dependent on terminating impedances, the system noise figure may be much worse than 
the analysis suggests. Unfortunately, an analysis of such a case is difficult to perform. 

A further shortcoming of the analysis performed above is the assumption that the noise contributions 

occurring from the component and diode losses are negligible—an assumption which may not be valid when the 

mixer is selectively terminated. In particular, for low conversion loss (high Gm) operation, the impedance of the 

RF filter at the image and higher order unwanted frequency components must be very small. However, this 

causes the noise current occurring at these frequencies and resulting from the series mixer and L-network losses 

to be large with a correspondingly large noise contribution at the output. A further noise contribution comes 

from the LO and the RF sources as a result of direct feedthrough to the IF since, although the mixer is 

theoretically balanced to both the RF and LO ports, practical systems will always have some degree of unbalance 

and therefore feedthrough. 

Although, as indicated, the noise figure analysis as presented has many shortcomings, the results indicate 

the possibility of obtaining a very low noise figure receiver front end. It was therefore decided to build and test 

such a system. 

4.3 AN EXPERIMENTAL LOVV NOISE FIGURE RECEIVER 

To evaluate the performance of the above receiver configuration, the system shown in Figure 30 was 

built. The mixer used in this system is the equivalent of that used and described in Section 2.2 except that 

the external load resistance Rp  used there has been eliminated. Also, the IF frequency has been changed to 

500 kHz. The effective loaded Q of the tuned IF circuit is 

27r(500 kHz) (1.5 m_ 
22. Q — 	

1-3). 
  

(4/71.2 ) (500S2) 
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The noise figure of the L-network followed by the FET amplifier was measured to be approximately 1 dB when 

operated from a soon source.* 

Fig. 30. Practical realization of system in Fig. 29. For the transformer specifications, see  Fig. 10. 

With no input filter and using FD111 diodes, the noise figure of this system was found to be 3 dB 

measured using the test arrangement shown in Figure 31 and for a local oscillator frequency of 700 kHz. With 

no input filtering, the noise generator is able to introduce noise at both the signal frequency and its image. 

Therefore, when the image is filtered out, the 3 dB noise figure obtained above should result in a new system 

noise figure of 4.76f. With the input signal shunt parallel tuned at 200 kHz, the noise figure was measured to 

be 5 dB. However, when the input was lowpass filtered by the 4-pole Butterworth lowpass filter shown in 

Figure 32, and connected with the generator at the inductive filter terminals, the noise figure (at 700 kHz LO 

frequency) rose to 6 dB. With the filter reversed, the noise figure increased further to 10 dB. 

The FD111 diodes were then replaced by 1N3600's and a new transformer T1 wound (for low interwinding 

capacitance as described in Section 2.2. The unfiltered input noise figure then decreased to approximately 2.0, 
2.0 and 3.0 dB at 75,225, and 525 kHz signal frequency, respectively. With the input lowpass filtered, the noise 

figure variation with frequency was as shown in Figure 33 for both the inductive input case and the capacitive 

input case. 

In operation, the source resistance for this network is —
4 x 500S2 = 203n. However, the difference in noise figure 

71.2 

should not be substantial since the FET amplifier is, in both cases, effectively operating from a high impedance (mixer 
output impedance transformed by the L-network Q). 

This assumes that the change in the noise figure of the IF stage which occurs as a result of the impedance change 
caused by the introduction of a lowpass filter at the input does not substantially affect the noise figure of the system. 
If this assumption is true, then NFFiltered = 1 	NFUnfiltered  where the noise figures are those measured using the 

test arrangement shown. 
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Fig. 32. Circuit diagram and impedance and attenuation response 
of the 700 kHz, soon Butterworth lowpass filter. 

The causes of the fluctuations in noise figure with frequency were not conclusively determined. However, 
some correlation was observed between the frequencies at which the fluctuations occurred and the impedance 
fluctuations of the lowpass filter and the series tuned output circuit. In particular, the large fluctuation which 
occurs at approximately 270 kHz (RF) corresponds quite closely to the coincidence of the 3p-q output side-
band with the self resonant frequency of the 1.5 mH inductor (1.9 MHz). Also, some interaction between the 
lowpass filter and the series tuned circuit may be expected and such interaction could affect the noise figure 
variation with frequency. No definite conclusions could be drawn concerning the effects of the output impedance 
of the lowpass filter being capacitive or inductive since at the image frequency (2p-q), both filters presented 
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FILTER OUTPUT INDUCTIVE 
IN THE STOPBAND. 	 19 at 725 kHz 

FILTER OUTPUT CAPACITIVE 
X 	 d 	IN THE STOPBAND. 

X — EQUIVALENT SINGLE FREQUENCY NOISE FIGURE 
CALCULATED FROM NOISE FIGURE OBTAINED 
FOR UNFILTERED INPUT USING A NOISE GENERATOR. 
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475 	575 	675 	775 	875 	975 	1075 	1175 	1275 LO FREQUENCY (kHz) 

Fig. 33. Noise figure of mixer system with lowpass filtered input. The actual value of IF frequency used 

was 475 kHz (fixed by IF filter center frequency. 

approximately the same impedance magnitude although the impedance phases were of the correct sign and 

magnitude. In general, the only conclusion to be drawn is that a wideband RF (100 kHz to 500 kHz), low noise 

figure (4 to 6 dB) system can be realized using this configuration. Further improvement may possibly be realized 

by investigating the effects of various alterations such as changing the lowpass filters, using other diodes and the 

effect of parallel rather than series tuning the output. 
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APPENDIX A 

Performance of Ring Modulators for Various Input and Output Terminations * 

The performance of ring modulators for various input and output terminating conditions is tabulated in 

Table 1. The technique by which these results may be obtained will be illustrated by deriving the results for 

case 2 in Table 1. 

TABLE 1 
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Modulator 

Terminations 	 Conversion Losses 
Modulator 

Case 	Output 	Output 	 Input 

Circuit 	Circuit 	Impedance 
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The results and analysis presented here are based on investigations performed by Caruthers' , Tucker2 '6  and 'fucker and Howsons. 
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From Figure 1 (Section 2.1.1) it may be seen that case 2 corresponds to the input current being filtered 

to q while the output voltage is filtered to (p-q). Therefore, since the output voltage v34  is sinusoidal, it may 

be written v34  = Vcos(p-q)t. This voltage corresponds to an input voltage v 12  = y(t)v34  which, by equation (1), 

Section 2.1.1 has a component at frequency q which is equal to (2/7r)Vcosqt. The input current i 12  is also tuned 

and may therefore be written 

i 12  = 	- 	\cosqt.   (19) 

	

ng 	"n  

This current, in passing through the mixer produced a current i34  given by i34  = y(t)i i 2  . Substituting for y(t) 

gives 

1 	4 V 	 1 
i 	2  E [cos(p-q)t + cos(p+q)t-

3 	
. 1- 1 	[cos(p-q)t + cos(p+q)t - —3 	. ]. 

34  = 
iT 

	 n K
g  R

g  

Therefore, 
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cos‘p-coT cos(p_e [2_ E 	4  y_ 

	

R 	TT 2  R 

which by suitable manipulations yields the voltage conversion loss 

E 	71. 
R

g 	2 

V2 RL  iT  

The current conversion loss is given by 

E/R 
g 	2  L+  —7r 

IL 	V/RL  ir R 	2 

The power conversion loss is given by 

maximum power available from the source 
L - 

power delivered to the load 

	 (20) 

(21) 

(22) 

(23) 

71.2 Rg 	1 	ii.  
= — +- +--

16   RL 	2 	7r 2  Rg  

(24) 

The input resistance is given by 
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(25) 
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The results for cases 1, 3, 4, 5 may be obtained similarly although cases 1 and 3 are somewhat more tedious 

due to the necessity of multiplying a Fourier series (such as (20)) by y(t). 

Figure A-1 illustrates the variation in power conversion loss for the various cases as functions of the generator-

to-load impedance ratio. 
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Fig.  A-1. Variation of the conversion loss of diode ring mixers with load resistance when terminated in 

frequency selective (resistive or zero or infinite) impedances. 
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APPENDIX B 

Conversion Loss of Reactively 'Terminated Mixers 

The two cases of reactively terminated mixers illustrated in Figure B-1 will be considered here. In the 

following analysis, it will be assumed that the output tuned circuits maintain sufficient loaded Q for their 

impedances to be considered to be zero or infinite at unw anted sidebands. Furthermore, it will also be assumed 

that the output impedance Z i  of the input filter (when terminated at its input by R ) is totally reactive at all 

unwan ted frequencies and equal to the source impedance R at the signal frequency. 
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(26) 

E cos (qt +4)) 

Fig. B-1. Two cases of reactively terminated mixer systems to be analyzed 

(a) parallel tuned output 

(b) series tuned output. 

Case I. Output Voltage Tuned to p-q 

Since the output voltage v34  is tuned to p-q, the output voltage waveform is sinusoidal and may therefore 

be written 

V3 4 = V cos (p- q)t. 
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(27) 

	(28) 

where 0 is an arbitrary phase angle which represents the phase difference between the source voltage and the 

voltage V 12  at frequency q, and Xn+  is the reactance of Z 1  at neg. The output current i34  corresponding to 

1 12 is then given by 

134 = y(t)i12 
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•  The only current in the load resistance is at (p-q). Therefore, collecting all (p-q) terms in (29) gives the load 

current, 
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The sine terms occur here ,as a result of the 900  phase relationship between the current and voltage at all frequencies 
np±q in the stopband of the filter. 

(30) 
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where 
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To satisfy the equality, the coefficient of sin(p-q)t must be zero. Therefore 
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Equating the coefficients of cos(p-q)t in (30) and solving for the voltage conversion loss yields 
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Combining (31) and (32) and solving for tan  0 yields 
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Using (33) to substitute for  cos çb in equation (32) yields, after simplifying 
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The power conversion loss L therefore becomes 
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From this equation, it may be seen that for low conversion loss, Xeq must be large or, equivalently, the sum 
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 . . . . must be small. This condition may be approached in practice if the filter 
X
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output impedance is inductive in the stopband since then, the terms Xn+  will be monotonically increasing with n. 

The input impedance Zi  is defined as the ratio of the complex input voltage at frequency q to the complex 

input current at frequency q. From (27) 
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From (28) 
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The input impedance Z 1  . is therefore given by 
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which, after expanding cos(qt-l-0) and substituting for cogb and sin  0 from (31) and (32), reduces to 
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41 

V 7r2 

4RL 2  2 x 2  
V Re [e i(cit+° )] (37) 

' 
O  = tan  

(4 
T2 

RL 
Xeq 

where 

Z
i 

— 
V 	2 	  4  

4R L2  
7r2 xeq2 

Case 2. Output Current Tuned to p-q 

The analysis in this case (Fig. B-1(b)) is very similar to that for Case 1 above. However, in this case the 

output current is sinusoidal and may be written 

i
34 

= I cos(p-q)t. 

This current, transformed by the modulating function corresponds to an input voltage v 12  given by 
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Transforming this voltage by y(t) and collecting all terms at frequency p-q gives the voltage across the load 

resistance, 
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where, in this case, Xeq  = X2  - — X + 	- —25  X44.  . . . 9 2+ 	9 

Equating coefficients in (40) and solving for 0 and (J/I) as in section 1 yields the power conversion loss 
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1 	1 
From this equation, it may be seen that, in this case, for low conversion loss, Xeq = X2-9 X2+ + —9 X4- 

—
1 

X
4+ 

+ . . . must be small. This condition may be approached in practice if the filter output impedance is 
25  
capacitive in the stopband since then, the magnitudes (Xn+  is negative for capacitances) of the terms Xn+  will 

be monotonically decreasing. 

The input impedance may again be determined in a manner similar to that for Case 1. 



LIST OF SYMBOLS 

p = angular frequency of local oscillator 

q =- angular frequency of signal source 

np±q = sideband frequency components 

n, m = integers 

y(t) = modulating function 

rd  = diode dynamic on resistance 

Zs  = effective source impedance 

ZL  = effective load impedance 

Rs, RL  = resistive portions of Zs  and ZL 

 R = generator output resistance 

Rp  = external load resistance 

Z.  = complex input impedance of modulator measured at input terminals of modulator at frequency Q 

Ri  = resistive component of Zi  

Zi  = complex output impedance of input filter as observed by the modulator 

Xn+  = reactance of Zi  at frequency np±q 

y
12' 

1 12 = instantaneous voltage and current at the modulator input 

v
34 ,  i34 = instantaneous voltage and current at the modulator output 

vL, iL  = instantaneous load voltage and load current 

E = peak open circuit output voltage of the signal generator 

J = peak current of Norton equivalent current source 

V = modulator peak output voltage at frequency p-q 

I = modulator peak output current at frequency p-q 

L = conversion loss de fined as the ratio of the maximum available power from the source to the power 

delivered to the load at the desired output frequency 
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