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ABSTRACT

DESIGN AND FABRICATION OF A DETECTOR
LOGARITHMIC VIDEO AMPLIFIER

Ding, Mustafa Baris
M. Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Nevzat Yildirim

September 2011, 102 pages

In this thesis a single stage detector logarithmic video amplifier is designed with a
dynamic range of 40dB in 2-6GHz frequency band. Since the detector logarithmic
video amplifier (DLVA) is used to convert the power of the RF signals to video
voltages in logarithmic scale, it can be regarded as a logarithmic converter instead of
logarithmic amplifier. The design is composed of two main parts: The Schottky
diode detector rectifies the incoming RF signal and produces a video voltage and the
logarithmic amplifier transforms the scale of the video voltage from linear scale to
logarithmic scale in order to observe the RF signals with a wide amplitude range.
The approximation of the logarithmic function is obtained by the summation of the
output currents of the differential amplifiers operating as logarithmic stages. Offset
voltage of the DLVA is minimized in order to obtain maximum sensitivity; this
makes the detection of RF signals with low power possible.

The study is composed of mainly three parts: First, brief information about
logarithmic amplification techniques is given and the circuit architecture is
developed for logarithmic amplification and video detection, second these circuits
are simulated and finally the design is implemented and tested.

Keywords: Logarithmic amplification, diode detector, differential amplifier
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DEDEKTOR LOGARITMIK VIDEO YUKSELTECI
TASARIMI VE URETIMI

Ding, Mustafa Baris
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Nevzat Yildirnm
Eyliil 2011, 102 sayfa

Bu tezde 2-6GHz bandinda c¢alisan 40dB dinamik alana sahip olan tek kademeli
dedektor logaritmik video yiikselteci tasarlanmistir. Detektor logaritmik video
yiikselteci RF isaretlerin giiclinli logaritmik 6l¢ekte video gerilimlerine ¢evirdigi igin
logaritmik ytiikselte¢ yerine logaritmik g¢evirici olarak goriilebilir. Tasarim iki ana
boliimden olusmaktadir: Schottky diyot dedektdr gelen RF isareti dogru akima
cevirir ve bir video gerilimi iretir ve logaritmik yiikselteg de genis bir genlik
araligindaki RF isaretlerin gdzlemlenebilmesi icin video geriliminin oOlgegini
dogrusal dl¢ekten logaritmik dlgege doniistiiriir. Logaritmik fonksiyon yaklastirmasi
logaritmik kademeler olarak kullanilan fark yiikselteclerinin ¢ikis akimlarinin
toplanmasiyla elde edilir. DLVA’nin offset gerilimi duyarliligi en iyi seviyeye
getirmek i¢in en aza indirilmistir; bu da diisiik giiclii RF isaretlerin fark edilmesini
miimkiin kilar.

Bu ¢alisma temel olarak ii¢ parcadan olusmaktadir: ilk olarak, logaritmik yiikseltme
teknikleriyle ilgili 6zet bilgi verilmis ve logaritmik yiikseltme ve video tesbiti i¢in
devre mimarisi gelistirilmistir, ikinci olarak bu devreler simule edilmis ve son olarak
da tasarim uygulanmis ve test edilmistir.

Anahtar sozciikler: Logaritmik yiikseltme, diyot dedektdr, fark yiikselteci



To My Family

vi



ACKNOWLEDGEMENT

I would like to present my appreciation to my supervisor Prof. Dr. Nevzat

YILDIRIM for his guidance and valuable recommendations.

I would like to thank my manager Dr. Muhammet Mustafa AKKUL for orientating
me in this study and his support.

I would also like to thank my group leader Tuncay ERDOL for his support and
knowledge in the thesis work.

I would also like to thank to my colleagues for their understanding and tolerance.

I would also like to thank TUBITAK (The Scientific and Technical Research
Council of Turkey) for their support during my M. Sc. Studies with their scholarship.

Finally, I am grateful to my family through all my life.

vil



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt sttt et e st e st et esaeebeenaesaeeseeneens v
OZ ettt \%
ACKNOWLEDGEMENT .....oiiiiiiitiieieit ettt vii
TABLE OF CONTENTS. ..ottt s viii
LIST OF TABLES ... .ottt ettt X
LIST OF FIGURES ...ttt Xi
CHAPTERS
1 INTRODUCTION ....coiiiiiiiiiiniteieeteseete ettt sttt sttt 1
1.1 Features of Logarithmic AmMPIfiers........ccccccveviievieeniieiiieieeiecee e 1
1.2 Classification of Logarithmic AmMpIfiers ........ccceeveiveeiieeiiiiirieeeee e 3
1.2.1 True Logarithmic AmMpPIIers ........cccoeeiiieiieiiiiiiierieeee e 3
1.2.1.1  Series Linear-Limit Logarithmic Amplifier..........c.cccoceevenienennene. 4
1.2.1.1.1 Mathematical Model [7]......cccceevriiiiiiieiiieeiieeeie e 8
1.2.1.2  Parallel Summation Logarithmic Amplifier............ccccevvverennnnnnnne. 10

1.2.1.2.1 Progressive-Compression Parallel Summation Logarithmic

AMPITICT [6] cevieniiieiieiie ettt e 10

1.2.1.2.2 Parallel-Amplification Parallel Summation Logarithmic
KN 1010) 04 3 1<) ol PSP 11
1.2.1.2.3 Mathematical Model [6].........cceovveeeiiieeciieeiiecee e, 12
1.2.1.3  Comparison of These Methods ...........ceccueeviiriiienieniiieieeieeeeee, 18
1.2.2 Demodulating Logarithmic AmMplifiers.........cccoverieeiiienieecieeieeieeeeee, 18
L1221 DLVA ettt eneas 18
1.2.2.2  SDLA ..ottt ettt enean 20
2 LOGARITHMIC STAGES (DIFFERENTIAL AMPLIFIERS) .....cccccceviveruenee. 22
2.1 Theoretical Analysis of BJT Differential Pairs.........cccccecevvienirneniineeieneenne. 24
2.2 STMULALIONS ...ttt ettt ettt e e bt e e beesaeeebee e 28
2.3 CONCIUSION ...ttt ettt ettt et e st e et e saeeebeesateenseees 41
3 INTRODUCTION TO SCHOTTKY DIODE DETECTORS .......ccccceviviiiinee. 42

viil



3.1 Comparison of Schottky Diode with Other Diodes ..........ccccevveveiiniirinieeenneen. 42

3.1.1 Comparison of Schottky Diode with pn Junction Diode .......................... 43
3.1.2 Comparison of Schottky Diode with Tunnel Diode [22]........cccccecueruennee. 44

3.2 DEteCtOr CITCUILS ...eveeiieneieiiesiieieete sttt sttt sttt et ebeeaeesaeeneeas 44
3.2.1 Features of Schottky Barrier Diode Video Detectors [23].......cccccvveeenennn. 46
3.2.1.1 Diode Performance Characteristics [23] .....ccccceevvvveeririeenrieenreeenne 47
3.2.1.2  Optimum Video Detector Sensitivity........ccceeveeeerieenieenieenieenieeeen. 48
3.2.1.3 Bandwidth Requirements...........ccccceevieriieniieniieienie e 49
3.2.1.4  Dynamic RANGE......c.cccoveviiiiiiiiieiiieieeeieeieeete et 49
3.2.1.5 Design Considerations for Video Detector ...........cccccvveeeveeennnenee. 49
3.2.1.5.1 Video Circuit Design Considerations [23]........cccccceeviervennnne 50

3.2.1.5.2 REF Circuit Design Considerations [23]........cccceceeevvrerienvennnnens 51

3.3 Video Detector DESI@N.......cccvieiiieiieiiieiieriie ettt 51
4 LOGARITHMIC AMPLIFIER .....oooiiiiiiiiieieeeeee e 70
4.1 Determination of the Operational Amplifier..........cccoeevieiiiniiiiiiniiieeeee 70
4.2 Logarithmic Amplifier Specifications............ceecveeviieriieiiienieeiieeie e 74
4.2.1 Square Law Detection REZION ........ccceeevvierieeiieniiieiieieeie et 74
4.2.2 Linear Detection REZION .........cccvviiiiiieiiieeiiecieeeeeeeee et 80

4.3 Implementation and MEasurements .............cccueeeeveeeereeesiueeesiuieesreeesreeeeveeennns 89

5 CONCLUSION ......ciittiieittettete ettt sttt sttt ettt sbe et st sbe et sbeenbe e 96
REFERENCES ...ttt st st 99

X



LIST OF TABLES

TABLES

Table 4-1: Offset voltage performance at 25°C [29] [30]
Table 4-2: Noise performance [29] [30] .c..ccovvvveeveeennnenns



LIST OF FIGURES

FIGURES

Figure 1-1: Dynamic range and logging dynamic range [S].....cccccevveereveerieeescveeennen. 2
Figure 1-2: Pulse reSPONSE [S] .ueeoueeeiieiieiiieiiie ettt et 3
Figure 1-3: Series linear-limit logarithmic amplifier [6] ........cccccoceeveriininicniencnene 4
Figure 1-4: High-gain limiter and unity-gain buffer in parallel [6] ...........ccccoeruencne 4
Figure 1-5: Voltage-gain characteristics of one dual-gain stage [9].........ccccevervenneene 5

Figure 1-6: (a) Cascaded dual gain stage amplifier (b) Transfer characteristics [7].... 6
Figure 1-7: Linear-limit logarithmic amplifier response [6]........cccevveeerieenieinieennnnne 8

Figure 1-8: Progressive-compression parallel summation logarithmic amplifier [11]

.................................................................................................................................... 11
Figure 1-9: Parallel-amplification parallel summation logarithmic amplifier [6] ..... 11
Figure 1-10: Parallel summation logarithmic amplifier transfer function [6]............ 13
Figure 1-11: Block diagram of a wide dynamic range DLVA [13].......cccccvvviinnnne. 19
Figure 1-12: Block diagram of a successive detection logarithmic amplifier (SDLA)
LS ettt ettt ettt et a ettt n e et e e na e teebe e st e aeenteeneennes 20
Figure 2-1: The accuracy of pseudologarithmic amplifiers with hard-clipping and
MOS and BJT SOft-ClIpping [17] ccveeeveeoieeiieiieeie ettt 23
Figure 2-2: The Ebers-Moll model of the npn transistor [18]........cccccceevevierierriennen. 24
Figure 2-3: BJT differential amplifier...........ccccoovieiiiiieiiieceeee e 26
Figure 2-4: BJT differential amplifier small-signal analysis ..........cccccoceeveriincenncnne 26
Figure 2-5: BJT differential amplifier large-signal analysis..........c.cccceeveuveniienieenen. 27
Figure 2-6: Differential amplifier topologY .......ccvevvieriieiiiiiieiieeieeeeee e 29
Figure 2-7: Differential amplifier characteristics...........covevvuveerciieeriiieerieeeciee e 29

Figure 2-8: Differential amplifier implemented with current mirror as a current

SOUTCE .ttt ettt ettt et et a bt et s bt e b e e e at e bt et e e aeesb e et e eaee bt e b e eanesbeenaesanesueennean 29
Figure 2-9: Differential amplifier characteristics.........c.oovvervvieriercieenieiiienieereeeeens 29
Figure 2-10: Examination of the effect of the emitter resistor R, .......c.cccoceveveneeeen. 30

xi



Figure 2-11: Comparison of the outputs of the differential amplifiers...................... 31

Figure 2-12: Examination of the effect of the current source............cccoeceevieniienen. 32
Figure 2-13: Comparison of the outputs of the differential amplifiers...................... 32
Figure 2-14: Examination of the effect of the collector current.............cccceeeveveeennenne. 33
Figure 2-15: Comparison of the outputs of the differential amplifiers...................... 34

Figure 2-16: Parallel-amplification parallel-summation logarithmic amplifier
1707010) (o] o OO OO URTUPRR SRR 36
Figure 2-17: Individual characteristics of each gain stage and the overall output
characteristics in lINEAr SCAlE..........eooueruieiiiiieieece e 37
Figure 2-18: Individual characteristics of each gain stage and the overall output
characteristics in logarithmic scale ...........ccoooieiiiiiiiniiiii e 37
Figure 2-19: Parallel-amplification parallel summation logarithmic amplifier
topology WithOUt DUTTETS ....c..eeiiiiiiieiieiiece e 38
Figure 2-20: Comparison of the output characteristics; out a: the output of the circuit
in Figure 2-16, out_b: the output of the circuit in Figure 2-19 ........ccooiiiiiiniennnnne. 39
Figure 2-21: Parallel-amplification parallel summation logarithmic amplifier
topology with and without differential Op-amps..........ccceccveeevieiieniiiinieniieiecieeee 40

Figure 2-22: Comparison of the output characteristics; out a: the output of the circuit

in Figure 2-16, out_b: the output of the circuit in Figure 2-21 ........ccooiiiiiiiiennnne. 40
Figure 3-1: IV curve and capacitance comparison [21].......cccoeeeeriienieniiienienieeinens 43
Figure 3-2: The simplest RF detector circuit [20].......cccoevieriienieniiiiienieeieeeieeiens 45
Figure 3-3: Schottky diode detector dynamic characteristics showing square law and

linear detection regions for the given diodes at the specified conditions [23]........... 45
Figure 3-4: Typical video 1eCeiver [23] ....ccieriiriiieriieiieeiee ettt et 46
Figure 3-5: Video detector equivalent circuits [23].....ccccovveveiieriieiiienieeieeiieeveeieens 50
Figure 3-6: Video detector deSi@N........cccvieeiieeeiieeiiee et e 53

Figure 3-7: S11 characteristics of the video detector at a diode DC bias of 475u4 . 54
Figure 3-8: Input power-output voltage characteristics of the video detector at a
diode DC DIaS O ATSLA .ccueeeeieeieee ettt 54
Figure 3-9: The effect of the DC bias current on the input power-output voltage

characteristics of the video detector by sweeping the value of bias resistor R, ..... 55

bias

Xii



Figure 3-10:

S11 characteristics of the video detector at R,, =13kQ on Smith Chart

bias
(diode DC bias CUIrent 367 LLA ) c..eeeveerieeiieeieeieeete ettt ettt et 56
Figure 3-11: S11 characteristics of the video detector at R, =13kQ on rectangular
plot (diode DC bias current 367 224 )...cc.cevueriinieeiiinieniieieeeereeeete et 56
Figure 3-12: Input power-output voltage characteristics of the video detector at

R,... =13kQ (diode DC bias current 36744 ) c...cc.cocueveeviieciinieninicnicieicneeeeee 57
Figure 3-13: S11 characteristics of the video detector at R, =13kQ2 with a gain of
4 (diode DC bias current 307 LA ) ...ccvevueeeerienieiieeierieeeeteseeee ettt 58
Figure 3-14: Video detector circuit after addition of lines to mount circuit
COMMPONICIILS viivieeeeirreeeeeiteeeeeseteeeeassseeeeaassseeeassseeeeasssseeeeasssseesesssseeessssssseesssssseeeanns 59
Figure 3-15: S11 characteristics of the video detector after addition of lines to mount
CITCUIL COMPONEINES ....vvienereeieeeereetieetteeteesteeeseesseeesseessaeesseenseessseessaessseessesssseessesensennns 60
Figure 3-16: RF matching circuitry and its physical dimensions for CPW structure 61
Figure 3-17: CPW SIUCTUIE .....oveeiiriiiieeieitcieeteeie ettt 61
Figure 3-18: Mapping metal layers instead of slot layers...........cccceveevenienvencnnenne. 62
Figure 3-19: Updating the substrate from schematic ............ccccoceevcvieniinciienieniieen. 62
Figure 3-20: Modifying the substrate for strip mapping..........ccceeeveeviervreerreenveennnens 63
Figure 3-21: Layout layer mapping as SriP .....ccceeeecveeerveeerieeeieieeeieeesreeesneeesveeennns 63
Figure 3-22: (a) Single mode port assignment (b) Ground reference port assignment
.................................................................................................................................... 64
Figure 3-23: Mapping slot layers instead of metal layers...........cccceeveerciieneenieennn. 65
Figure 3-24: Layout layer mapped as Slot.........cccuveeviiieiiieiiieeciie e 65
Figure 3-25: Assigning 4 coplanar ports in slot mapping..........cccecceevveeveenieeneennnen. 66
Figure 3-26: Layout of RF matching CirCuitry .........ccoeoveeiiieriiieniiiiieiieeieeeeeeeeee 66
Figure 3-27: Slot layer mapping of the RF matching circuitry layout....................... 67
Figure 3-28: RF matching CIrCUIIY......ccccuvieiiieiiiieeiie ettt e 67
Figure 3-29: The reflection and transmission characteristics of the RF matching
circuitry simulated with different methods ............ccovviieiiiniiiiiiiie 67
Figure 3-30: Video detector design with RF matching circuitry ...........ccceeevveneennenn. 68
Figure 3-31: S11 characteristics of the video detector after the RF matching circuitry



Figure 3-32: Input power-output voltage characteristics of the video detector after the

RF matching Circuitry deSIN . ......c.eeviieiuiiiiieiiieiieeiie ettt 69
Figure 4-1: MAXA4226 circuit SChemMatiC .........coecueeiieriieiieeiieiieeie e 72
Figure 4-2: MAX4226 n0ise performance..........c..ccveeveerieerieenienieeniiesieesieesveennens 72
Figure 4-3: AD8099 circuit SChematicC.........ccceeevvieeriieeiiieeiee e 73
Figure 4-4: AD8099 noise performance ............ccoeveerueeiiieniiieniesie e 73
Figure 4-5: Selected resistor values for logarithmic amplification............cccceeeuneeee. 76

Figure 4-6: The circuit schematic of the logarithmic amplifier with selected resistor

Figure 4-7: The input voltage-output voltage characteristics of the logarithmic
amplifier in 10garithmic SCale ..........c.ooiiiiiiiiiie e 77
Figure 4-8: The input power-output voltage characteristics of DLVA with four
10ZATTERIMIC STAZES ...eovvieeiieiieciiieieeete ettt ettt ettt et e e eabeeseeesbeensaeenseenne 78

Figure 4-9: The input power-output voltage characteristics at the output of AD8099

Figure 4-10: Modified resistor values to maintain linearity in the input power-output
voltage characteristics Of DLV A ......ccoooiiiiiiiiicie ettt 79
Figure 4-11: The input power-output voltage characteristics of DLVA with modified
resistor values to maintain lNEArity ........c.ccceerieriiieiieniieeiieeeece e 80
Figure 4-12: Selected resistor values used in 7 logarithmic stages for logarithmic
AMPLITICALION L.eitiiiiiiiiecie ettt et ettt e st e e b e e sbaeeabeesseeesseensaeenseenns 82
Figure 4-13: The input power-output voltage characteristics of DLV A with selected
1eSIStOr Values at 2GHZ .....oouiiiiiiiiii e 83
Figure 4-14: The logarithmic error of DLVA with changing input power with
selected resistor values at 2GHZ ........oc.ooiiiiiiiiiiiiicee e 83
Figure 4-15: Modified resistor values for a better logarithmic response with smaller
1OGATTERIMIC ETTOT ....eoutiiiiieiie ettt e 84
Figure 4-16: The input power-output voltage characteristics of DLVA with modified
1eSIStOr VAlUEs at 2GHZ ....ovviiiiiiiiieeee e 85
Figure 4-17: The logarithmic error of DLV A with respect to the input power with

modified resiStor VAIUES At 2GHZ . ....nnneee et 86

X1V



Figure 4-18: The simulated input power-output voltage characteristics of DLVA with
modified resistor values in 2-6GHz frequency band............cc.cccevieniininiininncnnene. 86
Figure 4-19: The input power-output voltage characteristics at the output of AD8099
in 2-6GHZ frequency band.............occueeiiiiiieiienieeieeeeeee e 87
Figure 4-20: The logarithmic error of DLV A with respect to the input power in 2-
O6GHZ frequency band .........c..coooiiiiiiiiiiiniee e 88
Figure 4-21: §,, characteristics of the DLVA at different input power levels in 2-

6GHz frequency band in polar plot..........ccoiiiiiiiiiiiieee e 88
Figure 4-22: S, characteristics of the DLVA at different input power levels in 2-
O6GHZ frequency Dand ...........coooveiiiiiiiiiieeeeee e 89
Figure 4-23: DLVA circuit archit€Cture...........cccveevvieeriieeeieeeieecieeesee e 91
Figure 4-24: The measured input power-output voltage characteristics of DLVA with
modified resistor values in 2-6GHz frequency band.............cccocceeviiiiiiniiienieniieen. 92
Figure 4-25: The measured input power-output voltage characteristics at the output
of AD8099 in 2-6GHz frequency band............ccceveviieeiiieeiiieeeeceeee e 93
Figure 4-26: The logarithmic error of DLV A with respect to the input power in 2-
O6GHZ frequency band ...........cc.ooviieiiiriieiee e 94
Figure 4-27: §,, characteristics of the DLVA at different input power levels in 2-

O6GHZ frequency band ............cocoiiiiiiiiiiiniiee e 95

XV



CHAPTER 1

INTRODUCTION

Logarithmic amplifiers are used to compress the dynamic range of RF signals having
a wide power range by providing high gain to low power signals and low gain to
high power signals. Logarithmic amplifiers can be regarded as automatic gain
circuits because of this gain adjustment. However; superior performance of the
logarithmic amplifiers compared to the automatic gain circuits observed in impulse
response and settling time makes them possible to be used in radar systems [1]. Some

other application areas are electronic warfare and instrumentation [2].

1.1 Features of Logarithmic Amplifiers

Small logarithmic error, low tangential signal sensitivity (TSS), fast pulse response
and high dynamic range are the desirable features of a logarithmic amplifier. These
terms will be explained briefly in order to make the following sections clear.

e Logarithmic error: The logarithmic error is the deviation of the logarithmic

response from the linear approximation obtained by best line curve fitting [3].

e Pulse response: The pulse response consists of rise, fall, settling and recovery

times of the detected signal and it is determined by the video bandwidth [4].

e Frequency flatness: The variation of the output video voltage with frequency

at a constant temperature and constant RF input power gives the frequency
flatness [5].

e Tangential signal sensitivity (TSS): TSS is the minimum power level of the

pulse to be detected.



e Logging dynamic range: Logging dynamic range is the widest range

satisfying the specified logarithmic error interval [5].

e Dynamic range: Dynamic range is defined from TSS to the upper limit of the

logging dynamic range [5].

USABLE _'.

LOG RANGE

VOLTAGE OUTPUT (1) —

RF POWER INPUT (dBm) — B

Figure 1-1: Dynamic range and logging dynamic range [5]

e Rise time: The time elapsed between 10% and 90% of the output voltage at
the rising edge of the pulse is the rise time [5].

o Fall time: The time elapsed between 90% and 10% of the output voltage at
the falling edge of the pulse is the fall time [5].

o Settling time: The time elapsed between the 10% of the output voltage to a
time when the video output has reached a stable state at a specified tolerance

at the rising edge of the pulse is the settling time [5].
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Figure 1-2: Pulse response [5]

1.2 Classification of Logarithmic Amplifiers

Logarithmic amplifiers can be classified into two basic types according to the

demodulation and non-demodulation of the RF signal [6]:

a) True logarithmic amplifiers

b) Demodulating logarithmic amplifiers

1.2.1 True Logarithmic Amplifiers

The preserved phase information of the incoming signal makes the true logarithmic
amplifiers possible to be used in moving target identification (MTI) radar systems
since the logarithm of the signal is provided without detecting or demodulating the
signal [3][7]. The output is a carrier frequency with voltage amplitude directly

proportional to the logarithm of the incoming signal power level.



Two basic circuit topologies are used to obtain true logarithmic amplifiers [6]:
1. Series linear-limit logarithmic amplifier

2. Parallel-summation logarithmic amplifier

1.2.1.1 Series Linear-Limit Logarithmic Amplifier

L Lata s

Figure 1-3: Series linear-limit logarithmic amplifier [6]

The most widely used circuit topology for the true logarithmic amplifiers is shown in
Figure 1-3. The topology is constructed by the cascade connection of the dual gain
stages which consist of a unity gain stage and a high-gain path. Both of the gain
paths are fed through the same input and their outputs are summed after
amplification. The high gain stage has a smaller compression point and saturates
before the unity gain stage which has a high compression point relative to the high-

gain stage [6].

A circuit topology for a dual gain stage is given in Figure 1-4 [4][7][8].

Re3 $Re
Vout1 Vout2

Vin2

Figure 1-4: High-gain limiter and unity-gain buffer in parallel [6]
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Emitter degeneration is used to provide low gain and the high gain stage uses the

undegenerated version.
Signals with low power will be amplified; however, high-gain path will be

compressed for high power signals and only the unity gain buffer will be effective.

The gain change can be seen in Figure 1-5.

Slope=1

Vout

Slope=A+1

Figure 1-5: Voltage-gain characteristics of one dual-gain stage [9]

Cascading the dual gain stages provides the logarithmic response obtained from the
piecewise approximate linear line as seen in Figure 1-6. The dual gain stages begin to

compress from the last stage to the first stage producing a constant voltage.



Vout

A 4

Vin

(b)

Figure 1-6: (a) Cascaded dual gain stage amplifier (b) Transfer characteristics [7]

The logarithmic response depends on the number of the dual gain stages and their
gain. The number of the dual gain stages can be increased to obtain a wider dynamic
range or the gain of the dual gain stages can be increased; but increasing the gain
results in a larger logarithmic error. In order to reduce the logarithmic error the
number of dual gain stages with small gain must be increased. At the same time, the

dual-gain stage parameters, A and V,, must be optimized to obtain a good
logarithmic response. V, has a deterministic effect on the pulse response of the
logarithmic amplifier. Reducing V, provides the desired logarithmic accuracy by

decreasing the logarithmic slope and preventing the devices to go too deeply into the
nonlinear region. However, this results in the reduction of small signal bandwidth
due to the larger Miller effect resulting from the first amplifying differential pair.
High-gain path is effective in the bandwidth of each dual-gain stage. Since the unity
gain buffer has low gain and high current it does not dominate the bandwidth

performance [3].

Since cascade connection is used in this topology, all stages will be affected nearly in
the same manner by process variations. For instance, if the gain of one dual gain

stage is decreased or increased, the logarithmic slope will also decrease or increase in



the same way; however this does not cause a change in the logarithmic response of
the amplifier. Compensating the gain variation of this stage with another stage is the
solution as expected. Increasing the number of dual-gain stages will provide a wider
dynamic range [6]. Cascading the dual gain stages also solves the phase equalization

problem [7].

Because of the cascading structure the unity gain buffer in the last stage must buffer
the signal generated by the preceding stages. Considering the current values for high-
gain and low gain paths in Figure 1-4, this results in a constraint that [6]
Lo >N (1-1)
gain
where N is the number of dual-gain stages

Since 7/, may be required to be large for amplification, it is obvious from (1-1) that

gain

I

low

must be large in the same manner. Large devices with high parasitic

capacitances will be needed to obtain this high /, current. However, this poses a

restriction in the bandwidth. The buffer gain can be decreased smaller than unity to
solve this problem, so they require a larger input voltage to limit and their current
can be decreased. The parasitic capacitance of the unity-gain buffer can still load the

gain stage in parallel with it even if smaller devices are used [6].

The design of the high gain path is a crucial point in this approach. The high-gain
path should have a significant small signal gain and much lower limiting level. The
phase shift between the high-gain path and the unity-gain buffer should ideally

remain constant with input signal level at every frequency in the operating bandwidth

[9].

Another constraint in the design of a true logarithmic amplifier is the accuracy of the
unity gain buffer of each stage to prevent the generation of a nonlinear logarithmic
response curve; this problem cannot be corrected after the logarithmic amplifier

unless another nonlinear device is used [9].



1.2.1.1.1 Mathematical Model [7]
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Figure 1-7: Linear-limit logarithmic amplifier response [6]

The desired logarithmic response by the series linear-limit method is seen in Figure

1-7. The response consists of a series of straight lines with breakpoints.

Consider a series linear-limit logarithmic amplifier consisting of N identical dual

gain stages with a high gain value of A.

For a dual-gain stage, not limiting;
V. =(A+1DV, (1-2)
For a limiting dual gain stage;
V,=V,+V, (1-3)
where V, is the limiting voltage

At the verge of limiting,
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v =% (1-4)

1
v, —VL(1+ZJ (1-5)

It is explained that the dual gain stages begin to saturate from the last stage to the
first stage. Assume the m,, stage is at the verge of limiting, this means that the dual
gain stages following the m, stage reached their limiting values; and the dual gain

stages preceding the m,, stage are amplifying.

The input of the m,, stage is
v, =t (1-6)

which is amplified through the preceding stages of the m, stage with an
amplification factor of (A+1). This amplification is expressed as;

Vo =V, (A+D)" (1-7)

in,

Equating these two expressions gives;

VL -1
— =V (4A+D"
A n )

1_8
L ( )
m—1=log ., —m

The output voltage of the logarithmic amplifier when the m,, stage is at the verge of
limiting is
1 1
V. =(N-m)V, + 1+Z V, =V, N+Z—(m—1) (1-9)

Substituting (1-8) in (1-9) gives
1 4V,
Vo :|:N+Z+logA+l(TLj:|VL (1-10)

(1-10) proves the logarithmic relation between the input voltage and the output

voltage.



Since the total gain of each gain stage is (A+1) and the number of the dual-gain

stages is N, the dynamic range of the series linear-limit true logarithmic amplifier is

A4+D".

1.2.1.2 Parallel Summation Logarithmic Amplifier

The high and low gain paths are separated to prevent loading observed in the series
linear limit case [6]. The logarithmic response depends on the number of gain stages
and their gain as in the true logarithmic amplifier case. The number of amplifiers or
the amplifier gains should be increased to get a wide dynamic range. However, larger
amplifier gain results in larger logarithmic error. Decreasing the gain causes a
smaller logarithmic error; but, at the same time makes the dynamic range narrower
[7]. The minimum logarithmic error is obtained by increasing the number of
amplifier stages with reduced gain [9]. The amplifier explained in [10] shows that the
parallel summation provides high bandwidth and logarithmic slope while consuming

relatively low power.

Two methods, progressive-compression method and parallel-amplification method,

can be used to obtain parallel summation logarithmic amplifiers.

1.2.1.2.1 Progressive-Compression Parallel Summation Logarithmic Amplifier

[6]

The progressive-compression parallel summation logarithmic amplifier topology
shows a great similarity with the series linear-limit method because of the cascaded
gain stages as seen in Figure 1-8. However, the voltages from each gain stage are
converted to currents with transconductance elements having the same slope but
different limiting current to achieve a good logarithmic response. The currents are

summed in parallel and the total current constitutes the output signal.

10
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Figure 1-8: Progressive-compression parallel summation logarithmic amplifier [11]

In the progressive compression parallel summation method the phase delays of each
current component is different due to the number of gain stages they are amplified.
For example, the current maintained from the first transconductance element will
have a zero phase lag because of not undergoing any gain stages; however, the
current maintained from the last transconductance element will have a high phase lag
due to the output capacitances of each gain stages. Delay amplifiers can be used to

obtain currents with equal phase lag [6].

Similar to the series linear-limit logarithmic amplifiers, increasing the number of

cascaded amplifiers results in a wider dynamic range.

1.2.1.2.2 Parallel-Amplification Parallel Summation Logarithmic Amplifier [6]

11
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Figure 1-9: Parallel-amplification parallel summation logarithmic amplifier [6]
The parallel amplification method is another type of parallel summation. Figure 1-9
shows that, different from the previous methods, each gain path is independent of
each other and the parallel summation of the currents obtained from the

transconductance elements constitutes the output signal.

Compared to the progressive compression method, the parallel amplification method
is efficient in low dynamic range applications; and, the phase and group delay

matching are improved [6].

Increasing the number of amplifier stages to achieve a wider dynamic range in
successive detection logarithmic amplifiers (SDLA) reduces the bandwidth and the
system stability will be deteriorated. These problems can be solved by the parallel

amplification parallel summation logarithmic amplifiers [12].

1.2.1.2.3 Mathematical Model [6]

For both of the parallel summation techniques the desired transfer function is seen in
Figure 1-10. A logarithmic relationship will be proved between the input voltage and
the output current. First, some definitions must be made to understand Figure 1-10

and associate with the previous figures, Figure 1-8 and Figure 1-9.

N : the number of stages
A : the factor increase in the input voltage
I : the increment in the output current corresponding to the factor increase

in the input voltage

12



C : the minimum current level that can be read at the output
G, : total circuit gain

i : individual gain of each amplifier

Inul:
MNlg+C
(MN-13g+C

(N-K)Is+C

201g+C
Ig+C1—-
C4—=-

Figure 1-10: Parallel summation logarithmic amplifier transfer function [6]

It is known that the input is amplified by all stages unless the compression point is
reached by any of the amplifier stages. The number of stages effective in
amplification decreases beginning from the outermost amplifier. So, the total circuit

gains are expressed as;

Gy=G,+G,+..+G

Gy.,=G,+G +...+ G,y

.......................... (1-11)

The current supplied from the amplifier stages that have already reached their
compression point and the current from the amplifier stages not saturated constitute

the output current of the logarithmic amplifier. The saturated amplifiers supply a

13



fixed current which is denoted by /,. When the graphical solution given in Figure

1-10 is matched with the currents obtained from the circuit topology, the currents can
be equated to determine the total circuit gains.

c=Vv_.G,

I,+C=4V_. G, +1,

20, +C=A4%,,G\,+21,

31, +C=4V,, G, ,+3I,

min

v (1-12)
(N-K),+C=4""V_ G, +(N—-k)I,

(N=-2I,+C=A"V_ G, +(N-2)I,

(N=DI; +C=4"",,G + (N =D,

NI, +C=V_ G, +NI,

Let I, =1, for simplicity.

C = Vmin GN C = Vmin GN

I, +C=4V G\, +1, C=4V_.Gy,
(N-kK)Ig+C=A""V _ G, +(N-k)l, = C=4""V_ G, (1-13)
(N-DI; +C=4""V_ G, +(N-1I, C=4""V_G,

NIg+C=V_ G, + NI, C=V_,.Gy
Equating the expressions in (1-13) gives,

AV G, =AYV G =G, = AG,
ANV G, =AY G, = G, = AG, = G, = A°G,
=

AV G, =AYV G, =G, =AG, =G, = A°G,

min min

G, =4""G, (1-14)

14



It is obvious from the Figure 1-8 and Figure 1-9 that G, = g, and the slopes g,

and g, are the same, except their limiting values, /, and /,,. Then, the total circuit

gains according to the expression in (1-14) are found as;

Gl :Gpl =gm

GZ :gmA

Gk =g‘m‘Ak71 (1-15)
Gy :gmAM2

GN =gmAN_l

After finding these expressions for parallel summation it is possible to determine the

gains in parallel-amplification and progressive-compression methods.

By using (1-11) and (1-15), the individual gain of each summed stage, G, is found

as;
Gpl :gm
G,=g,4-1

G, =g, A(A4-1)
.......................... (1-16)

Gy =g,4" 7 (4-1)

The gain values found in (1-16) corresponds to the gains in parallel amplification

method. The coefficient g, is the transconductance coefficient.

Using the gain values found in (1-16) the gains used in the progressive compression

method are;

15



G,=4

.......................... (1-17)
Gyu,=4

Gya=4

In the following step the logarithmic relationship between the input voltage and the

output current will be proved.

Assume that the &, stage is at the verge of limiting.

The input voltage is;

v, =V, = (1-18)

It is also known from (1-16) that
G, =g,4"(4-1) (1-19)
Substituting (1-19) into (1-18) gives

1,

=k >2 1-20
" g, A7 (4] (=20
Since the k, stage is at the verge of limiting, the output current consists of the

limiting part and the amplified part.
Iout :(N_k)1L+GkVin (1_21)

Substituting (1-15) and (1-20) into (1-21) gives;

Al
]()ut = (N_k)IL + A L (1-22)
Some transformation on (1-19) gives the value of k.
I 1,4° A’
Vm:+:>Ak=L—:>k=10gA e — (1-23)
g.4" " (4-1) g.(4=-1V, g, (A-1V,

Finally substituting the value £ into (1-21) gives;

16



g 4} (1-24)

For different values of k, /,, values are calculated from (1-22) as;

k=N=1,=1, A e
A-1 A-1

k=N-1=1,=1, 1+i =1, 2+L
A-1 A-1

(1-25)

It is obvious from (1-25) that there is a fixed value in the output current expression,

and this corresponds to C in Figure 1-10.

(1-26)

V

.. from Figure 1-10 is defined as;
1
Vmin = ¢ = a N-1 (1_27)
Gy (4-1g,4

The output current is calculated from the last amplifier stage to the second amplifier
stage in (1-25). The k=1 case, i.e. the case where the first amplifier is limited, is not
examined. When the second gain path has reached its compression point, the input
voltage is;

1, I,

v, =—t= (1-28)
Gp2 gm (A_l)

This point corresponds to the output current value of (N —1)/; + C in Figure 1-10.

The current provided by the lowest gain path at this input voltage is;

17



IL

]:Gpr' :gml/in = A—l =

mn

C (1-29)

In order to reach the NI + C output current in Figure 1-10; in other words, the first
amplifier is saturated, the lowest gain path must supply another /¢ current. So the

output current supplied by the lowest gain path is;

ILl =

A
A_1+1L21Lﬂ (1-30)

With these parameters the dynamic range of the logarithmic amplifier is 4" .

1.2.1.3 Comparison of These Methods

e Series linear limit log amp:

+Process variations affect each stage more or less equally
+Solution of phase equalization

-Because of loading: Limited BW

e Progressive-compression parallel-summation log amp:

+High dynamic-range applications

-Phase delay

e Parallel-amplification parallel-summation log amp:

+Improved phase and group-delay matching

-Low dynamic-range applications

1.2.2 Demodulating Logarithmic Amplifiers

When the envelope of the signal is of interest, the demodulating logarithmic
amplifiers are used. The phase information is not preserved because of detection and

phase delays. There are two kinds of demodulating logarithmic amplifiers:

18



e Detector logarithmic video amplifiers (DLVA)

e Successive detection logarithmic amplifiers (SDLA)

1.2.2.1 DLVA

RF signal is demodulated with a diode detector and converted to low frequency video
signals, which is then amplified logarithmically [4]. The dynamic range of the
DLVA depends on the detector diode (-45 to +15 dBm is Schottky diode detectors
are used and -40 to +5 dBm for tunnel diode detectors). Since a single stage DLVA
provides a limited input dynamic range, a parallel detection approach can be used to

obtain an extended dynamic range as seen in Figure 1-11 [13][14].

RF Amplifier
) Power A Power B
RF_in = Divider D—D Divider RF_out
c1 Cc3
D2 RF_Detector
B D1
Power
Divider DF LVA Module — Video_out
C2 RF_Detector
RF_out

Figure 1-11: Block diagram of a wide dynamic range DLV A [13]

The RF signal feeds the power divider. The signal following path A is amplified and
makes the low power signals detectable at the diode detector; in other words, this
amplification increases the sensitivity of the DLVA. The signal following path B
feeds the power divider and demodulated at the other diode detector. The low
frequency video signals are logarithmically amplified at the LVA (logarithmic video

amplifier) module after the conversion of the RF signals to low frequency video

19



signals by demodulating at the RF detectors and summed to give a logarithmic video

output over the extended dynamic range [4][13].

DC drift and offset are the primary problems observed in this type of amplifiers [2].

1.2.2.2 SDLA

| DETILIM | | DETILIM | | DETILIM | | DETILIM | | DETILIM | | DETILIM | | DETILIM | g

2 | VIDEO
ouT

Figure 1-12: Block diagram of a successive detection logarithmic amplifier (SDLA)
[15]

As seen from Figure 1-12 the SDLA topology shows a great similarity with the
progressive compression parallel summation method. The signals amplified through
the RF amplifiers are demodulated with detectors followed by limiters and the
demodulated signals are summed to give a piecewise linear approximation of a
logarithmic curve. The output is a video signal with amplitude proportional to the

logarithm of the carrier amplitude [15].
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Although detector logarithmic video amplifiers are widely used for EW systems
requiring detection above 2 GHz, some limitations arise from the DLVA topology.
The successive detection logarithmic amplifiers are the solutions to some of these
limitations with an increased number of RF amplifiers and detector stages [16]. It is
observed in the study [13] that SDLA shows superior pulse response and dynamic

range performance compared to DLVA.

As in the progressive compression parallel summation method the input dynamic
range of the logarithmic amplifier can be increased by increasing the number of the
amplifier stages; however this poses a limitation on the bandwidth and the system
stability will be deteriorated [12]. Smaller logarithmic error can be achieved by
increasing the number of stages with less gain. In order to obtain an optimum SDLA,
with small logarithmic error and high dynamic range, the RF amplifier stages,
detectors and limiters must be identical and the logarithmic response must not
change with temperature variations. These problems can be solved by monolithic

integration [15].
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CHAPTER 2

LOGARITHMIC STAGES
(DIFFERENTIAL AMPLIFIERS)

From the articles examined it is obvious that the differential amplifier topology is the
most widely used circuit architecture for logarithmic amplification. The gain, the
limiting output voltage and the input voltage range for amplification can be adjusted
according to the system requirements with this topology. The clipping type of the
differential amplifier has a deterministic effect on the logarithmic error of the
logarithmic amplifier. After the summation of the differential amplifier outputs a
logarithmic response must be obtained with minimum deviation from the best fit line
constructed with the logarithmic amplifier output response. The current mode
limiting amplifiers result in hard clipping, whereas the voltage mode limiting
amplifiers result in soft clipping, which is preferred to maintain smaller logarithmic
error [17]. As seen in Figure 2-1 soft clipping results in smaller logarithmic error

with respect to hard clipping.
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Figure 2-1: The accuracy of pseudologarithmic amplifiers with hard-clipping and
MOS and BIJT soft-clipping [17]

Figure 2-1 also shows that BJT soft clipping is superior to MOS soft clipping in
logarithmic error. This stems from the BJT characteristics such as better device
matching, exponential based nonlinear function, higher transconductance and output
impedance for higher gain and lower distortion and lower 1/f noise when compared

to MOS characteristics [4]. With the help of this knowledge BJT differential pairs are

chosen for differential amplifier topology.
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2.1 Theoretical Analysis of BJT Differential Pairs

In order to obtain brief information about input voltage-output voltage characteristics
of BJT differential pairs a theoretical analysis is made for small signal and large

signal operations with the corresponding mathematical models.
At the beginning it will be beneficial to start with the Ebers-Moll model of the npn

transistor seen in Figure 2-2 which predicts the input-output characteristics in all of

its possible operation regions.

Tt

Figure 2-2: The Ebers-Moll model of the npn transistor [18]

The corresponding current expressions for the Ebers-Moll model of an npn transistor

are summarized as follows according to Figure 2-2:

lp =lpg — ARlpc
lc ==Ipc T Oplpg (2-1)

ig=(l—ap)ip +(l—ag)ipe

The diode current expressions are used to maintain i,, and i,..
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iy =g (e —1)

ipc =1sc (eVBC/VT -1

(2-2)

Letting o,/ = oyl = I and substituting (2-2) in (2-1) results in

1
ip =S =) =Ly )
F

I
i =1I(e™'"r —1)—a—5(eVBc/VT ~1) (2-3)
R

U I
iB :_S(eVBE/VT _1)+_S(eVEC/VT _1)

B Br

where f; =~ % andp, = 1 Yr

F Ay

Assume v, is positive and v, is negative. So;
1 1
oo 0S8 vee !V,
ip=——e"" " +1,(1-—)
Ay A

i =lge™" +1 (L -1 (2-4)

1293

1
:_SeVBE/VT _[S(L_FL)

7B, Br B

1

1 B >>1
and
L >>1

side of the expressions in (2-4) will be negligible with respect to the first terms. So,

F

a
Since v, is positive and , the second terms of the right hand
a

I

R

the expressions in (2-4) are transformed to (2-5).

IS Vap I V-
1, =——e® 7
o B +1)
i, = + i
i =Iem'" - Foe (2-5)
J lC;ﬂFlB
lB =_SevBE/VT
Br
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Figure 2-3: BJT differential amplifier

The BJT differential pair given in Figure 2-3 is examined through small signal

analysis and large signal analysis.

Small signal analysis:

4“‘

R. R.
out1 out2
== T 77 R
| | | |
0, | By | ! ! | piul 0,
b, ' ! i |l
n— 1= | | R —
| | | |
| | | |
| | | | .
17 [ I Te | -
__1__lI __1__lI
RE lm |2l RE

Figure 2-4: BJT differential amplifier small-signal analysis

26



The input and output voltages given in Figure 2-4 are calculated as:

v, =(B+D(r, + R,)i,, —(B+1D(r, + R,)i,,
Vour =Vourt = Vourn = —PRciy — (=PR:y,)

It is obvious from Figure 2-4 that i,, =—i,,. v, and v

(2-6)

are expressed in terms of

out

i,, by rearranging the expressions in (2-6).

Vin = 2(ﬁ + 1)(re + RE )ibl
Vout = _zﬂRCibl

Using the expresions in (2-7) the small-signal gain of the differential amplifier is;

(2-7)

Gain = Yo — — 2Ry __ BR¢ ~_ R,
Vi 20B+D0 AR, (BHD0, +RE) (1 RE) (2-8)
where 7, :ﬁ—ﬁzzﬁ
I, 1/2 I

Large signal analysis:
BJT differential amplifier topology examined for large-signal analysis is seen in

Figure 2-5.

Figure 2-5: BJT differential amplifier large-signal analysis
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e Assume +1V is applied to the input port.

Sincel, > 1,;V,, —0.7—I,R, + LR, =03-R,(I, —=1,)<0.3V <0.7V

0, ACTIVE
0;
0, :OFF

Vour =(#5V —IR.) — (+5V)=—-IR. (2-9)
e Assume -1V is applied to the input port.
Sincel, <1,;
0-0.7-L,R, +[ R, -V, =—07+R.(I,-1,)+1<03V+R,.(I,-1,)<0.7V

0, : OFF
0;
0, : ACTIVE

Vour =(+5V) = (+5V — IR,) = IR, (2-10)

2.2 Simulations

After the theoretical analysis of the BJT differential amplifiers the circuit topologies
are simulated in order to verify the critical points in the input voltage-output voltage

characteristics. The circuits are simulated with LTspice/SwitcherCad III [19].

28



Jde W2 -0.50.50.001

Ao 205050001 Wi w1
g
<3
RA1 RZ
R R 3k 3k

3k 3k g g

=] =]

T o a1 oz

E E V2 CMKTI904 CMKT2904

91 a2 ,
CHKT2904 CMKET2504
w e v
L)
! e
0.3 =i} o4
RE: " CHKETZo04 CrETZa04
) v ’
i1
i 5
Figure 2-6: Differential amplifier Figure 2-8: Differential amplifier
topology implemented with current mirror as a
current source
V{out[¥{out?) V{out1}¥(out2)
Figure 2-7: Differential amplifier Figure 2-9: Differential amplifier
characteristics characteristics
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When Figure 2-7 and Figure 2-9 are compared, it is obvious that the current mirror
can be used as a current source without disturbing the differential amplifier
characteristics. The current supplied by the current mirror can be adjusted by

changing the value of the resistor R, in Figure 2-8. The current supplied by the

current mirror is;

+5V -V, — (—5V)) _(10-0.7V
R, 31kQ

I=( = 0.3m4

which is the same as the supplied current from the current source in Figure 2-6 and
the input-output characteristics in Figure 2-7 and Figure 2-9 are identical as

expected. The current mirror will be used for current supply.

de w2 -3 20001

W Ve

h
h

R1
3k

out1

a1

T R3
1
3k

W2 ChKTIS04

[Pic]
ChMKETIE04

e

L]

Q4
CREKET2804

a7
CRKT2804

RE
3k

outd

Qs
CMKTIE04

R
1k

Qg
CRKT2804

Figure 2-10: Examination of the effect of the emitter resistor R,




Y[outl1]-¥[out2] Y[out3]-¥[outd]

Figure 2-11: Comparison of the outputs of the differential amplifiers

In order to obtain adjustable gain when R is kept constant, different R, values
must be used as observed in (2-8) where r, is negligible. Since the limiting output

voltages are independent of the resistor R, changing the gain also means varying the

span of the linear region as seen in Figure 2-11.
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e w2 -3 30001

1 VB
5 5
R1 RZ RE
3k 3k 3k
- o~ )
= = =
=] = =)
o1 =] o5
CMKT2004 CrKT2904 CrKT2904
RZ R4 R2
2k 2k 2k
T
L)
w7 v
o4 o7 Qg
CMKTI504 CrRiKTZ304 CHMKTIE04 CMKTI504
W R e 3

Figure 2-12: Examination of the effect of the current source

Y[outl]-¥[out2) Y[out3]-¥[outd)

Figure 2-13: Comparison of the outputs of the differential amplifiers
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As predicted from (2-9) and (2-10) the resistor in the current mirror has a direct
effect on determining the limiting value of the output voltage as seen in Figure 2-13.
Since the gain is independent of the resistor in current mirror as obtained in (2-8), it

is the same for both circuits.

e W2 -3 300001

W WE

Rz RE
3k 1k

CMKET3304 CRKTZ304 CMKT23304 CRKTZ304

R2
3k

Mk = Mk v
o4 os
CMKT2a04 CRKT2904 CMKT2a04 CHKT904
WE WE
5 5

Figure 2-14: Examination of the effect of the collector current
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Y[outl]-¥([out2) ¥[out3)-¥[outd)

Figure 2-15: Comparison of the outputs of the differential amplifiers

As seen in Figure 2-15 the limiting voltage value and the gain of the differential

amplifiers are directly proportional to the collector resistor R. as predicted from

(2-8), (2-9) and (2-10).

Having seen the effect of different circuit components on the differential amplifier
characteristics the circuit topology for the parallel-amplification parallel-summation

method must be determined.

The most basic circuit topology is examined first as seen in Figure 2-16, the buffers
are used to prevent loading and the operational amplifiers are used to obtain the
signal resulting from the input signal only. According to the mathematical analysis of
the parallel amplification method the circuit components are calculated to obtain the
corresponding logarithmic stage characteristics, such as gain and limiting voltage

value.

For instance, design a three stage logarithmic amplifier. Choose R, =1.8kQ2,

g, =05 and 4=4.Itis known from the mathematical analysis that 1, =1, ﬁ

which determines the relation between the currents supplied by the current mirrors.
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Let the resistor in the second and third current mirror be 45kC2, so the current

supplied by the second and third stage current mirrors is 2074 which results in
r, =242Q), so the current supplied by the first stage must be 27514 which results in

r, =182Q) and this is satisfied when the resistor in the first current mirror is 33,8kQ).

Then, the corresponding gain of each stage is
G =g,=05

G,=g,(4-1)=15

G,=g,4(4-1)=6

The circuit components are calculated according to the gain expression in (2-8) as;

R, 18k
(r.+R,) (182Q+R,)

G, = =0.5= R, =3.42kQ

R L8kQ
(r.+R;)  (242Q+R,)

G, = =1.5= R, =0.96kQ

R 18k
- (n,+R,) (242Q+R,)

6 = R, =580
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T

LTC2052

LTC205:

Figure 2-16: Parallel-amplification parallel-summation logarithmic amplifier

topology

The simulation results are submitted in linear scale in Figure 2-17 and in logarithmic

scale in Figure 2-18.
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V[out] V(out_1] V[out_2] Y(out_3]

Figure 2-17: Individual characteristics of each gain stage and the overall output

characteristics in linear scale

Y[out] Y[out_1] Y[out_2] VY[out_3]

Figure 2-18: Individual characteristics of each gain stage and the overall output

characteristics in logarithmic scale
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In order to decrease the quantity of the circuit components seen in Figure 2-16 and to
simplify the design other possible circuit topologies are examined and compared with
this logarithmic response. For instance, the buffers are removed first as observed in

Figure 2-19.

de W2 -3 30,00

LTC2052 |

LTC2052

Figure 2-19: Parallel-amplification parallel summation logarithmic amplifier

topology without buffers
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Y[out_a) VY[out_h]

Figure 2-20: Comparison of the output characteristics; out_a: the output of the circuit

in Figure 2-16, out_b: the output of the circuit in Figure 2-19

It is known that buffers have high input impedance. The resistors in the op-amp
stages after the buffers are changed from 1kQ to 10 kQ. The comparison of the
circuits given in Figure 2-16 and Figure 2-19 is given in Figure 2-20. It is obvious
that there are slight differences in the limiting voltage and the gain of each individual
gain stage which can be compensated by changing the circuit components
correspondingly. A much closer response can be obtained with impedance greater
than 10 kQ. So, it is determined not to use buffers and a simpler circuit schematic is

obtained.
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Figure 2-21: Parallel-amplification parallel summation logarithmic amplifier

topology with and without differential op-amps

VY[out_a) VY[out_h]

Figure 2-22: Comparison of the output characteristics; out_a: the output of the circuit

in Figure 2-16, out_b: the output of the circuit in Figure 2-21
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In order to make the circuit simpler than Figure 2-19 the differential op-amps are
discarded at this time as seen in Figure 2-21. Differential output is obtained with the
differential op-amp in the summing stage at the end. As seen in Figure 2-22 there is a
difference in the output characteristics similar to the comparison in Figure 2-20. The

variation can be compensated by modifying the circuit components.

2.3 Conclusion

A comparison between different circuit topologies is made and the simplest design is
determined; the parallel-amplification parallel-summation topology without buffers
and differential op-amps will be used. The chosen parameter values, such as gain and
the limiting voltages of the logarithmic stages, are consistent with each other. The
number of the gain stages can be adjusted to obtain the desired logarithmic response.
As seen from Figure 2-22 the logarithmic responses have a slight difference which
can be compensated by proper emitter, collector and current mirror resistors and

sufficient number of gain stages.
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CHAPTER 3

INTRODUCTION TO SCHOTTKY DIODE DETECTORS

The Schottky barrier diode is a semiconductor diode with low forward voltage and
no flow of minority carriers. The diode junction is formed by the contact of a pure
metal with a semiconductor doped with n-type or p-type atoms. The electrons in the
semiconductor diffuse through the junction into the metal making the semiconductor
more positive relative to the metal. The flow of electrons ceases when the internal
voltage difference between the two regions is too high that prevents more electrons
from diffusing. The internal voltage difference is typically 0.3-0.8 V for Schottky
diodes. However, the internal voltage difference can be reduced with the help of an
external voltage with correct polarity; in the same way, the internal voltage can be
increased with the help of an external voltage with opposite polarity; in other words,
the internal voltage can be determined by design according to the design
requirements. No flow of minority carriers is another specific property of Schottky
diodes which makes them possible to be used in switching applications where fast

responses are needed [20].

3.1 Comparison of Schottky Diode with Other Diodes

Since the diode has a deterministic role in the video detector performance the diode
must be chosen properly for maximum dynamic range; at the same time, the detector

must be insensitive to temperature variations.

42



3.1.1 Comparison of Schottky Diode with pn Junction Diode

The significant difference results from the adjustable internal voltage and no flow of

minority carriers.

The internal voltage is a design parameter for a Schottky diode and can be adjusted
according to the design requirements whereas it is fixed for a pn junction diode. This
property is useful in power detectors to increase sensitivity. The internal voltage

difference of a Schottky diode is typically 0.3-0.8 V which is lower than the pn

junction diode internal voltage.

Another specific property of the Schottky diodes is that there is no flow of minority
carriers from the metal into the semiconductor. Unlike junction diodes there is no

charge storage which makes them possible to be used in fast switching requirements

[20].

[P | N ]

/

Capacitance
Current

o

IMetal I N |

Current

-

1

0.5v

- +
Bias Voltage
PN Junction

0.3V

- +
Bias Voltage
Schottky Junction

Figure 3-1: IV curve and capacitance comparison [21]

Figure 3-1 shows the IV curve and capacitance comparison of the pn junction diodes

and the Schottky diodes. The junction capacitance is larger for the pn junction diode

which may result in problems at high frequencies.

43



3.1.2 Comparison of Schottky Diode with Tunnel Diode [22]

The tunnel diodes are widely used in detector applications. One of the reasons is that
they require no bias current to increase sensitivity. The corresponding output voltage
of the signals with low power can also be revealed because of the zero offset output
voltage and this increases the dynamic range. Temperature stability is another
property of the tunnel diode detector. The tunnel diode detectors have some
limitations beside these advantages. The useful input dynamic range is narrower, the
maximum input power that does not damage the tunnel diode is lower than the
Schottky diode counterpart and the operating temperature is lower with respect to the
Schottky diode detectors.

These limitations are overcome with the Schottky diode detectors. The dynamic
range is almost 20dB wider than the tunnel diode detectors and an input power level
of +20dBm do not damage the detector. The Schottky diode detectors can be
operated in a wider range of temperature and the pulse response is superior to the
tunnel diode detectors.

However, a bias current must be used to increase the sensitivity of the Schottky diode
detector. The signal originating from the bias current must be eliminated from the
output voltage to obtain the detected signal accurately since the bias current creates
an offset preventing the detection of the signals with low power. A Schottky diode
pair biased with the same currents is used for this purpose. Taking the difference of
the output of the two detectors with an operational amplifier reveals the detected
output voltage. The temperature variations are also eliminated by this way since each

diode will be affected in the same manner [22].

3.2 Detector Circuits

The Schottky diode detectors rectify the incoming RF signal and produce a low
frequency voltage with amplitude proportional to the magnitude of the RF signal

power.
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Schottky

Detector
Diode
Detected
N
RF Input © 4 o Output
RF Filter Filter
choke Capacitorl Resistor

Figure 3-2: The simplest RF detector circuit [20]

The simplest RF detector circuit is given in Figure 3-2. The output filter’s capacitor
is charged to the low frequency voltage.

The detector characteristics showing the relationship between the input power and
the output voltage consists of two detection regions: the square law detection region
and the linear detection region. As an example, the input power-output voltage
characteristics are given in Figure 3-3 for the specified diodes at the given test

conditions.

FREQUENCY - 2 GHz (HP 5082-2824)
FREQUENCY - 10 GHz (HP 5082-2750,-2755)

lpias = 20 A
R, =5 Ko
E LINEAR =
| —
10V 2824 |
= SQUARE LAW | 5
= ¢ HP 2750- —
= 1w L g4 2755 =
[=] = rJ =
8 100mv = -
m
=00V 7 =
a = 1 =
,
"'I" 10 mv % 7 %
5 — -
Wwo1mVs i/ =
100 pv =
E / =
10 uV

60 40 20 0 20 40
Pin — POWER INPUT (dBm)

Figure 3-3: Schottky diode detector dynamic characteristics showing square law and

linear detection regions for the given diodes at the specified conditions [23]
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There is an abrupt change in the slope of the detector characteristics. The barrier
height has a deterministic effect on the RF signal power level where the transition

from the square law detection region to the linear detection region.

In order to make a Schottky diode detector more sensitive to small RF signals the
barrier height must be reduced. Applying an external positive voltage (positive
terminal to the anode, negative terminal to the cathode) increases the sensitivity of

the diode detector by reducing the barrier height.

3.2.1 Features of Schottky Barrier Diode Video Detectors [23]

A typical video receiver is shown in Figure 3-4.

BIAS CURRENT
SOURCE

L.
RFCa I [
P

| DETECTOR
S | DIODE |
RF FILTER | |
AND | I
=1 IMPEDAMCE I |
TRANSFORMER | |
SIGNAL 5 ) I
SOURCE I I

RF PORT VIDEQ PORT

Figure 3-4: Typical video receiver [23]

The circuit operation is examined for RF signals and for low frequency signals.
At RF since the input impedance of the diode detector is not matched to the signal
source, an impedance matching network is required in order to deliver all the

available power to the detector diode. The RF choke, RFC,, acts as an open circuit

and the capacitor ¢, appears as a short circuit in order to maximize the current

46



passing through the diode and the demodulated video signal appears across the load

resistance R, .

At video frequencies the bias circuit is active; the RF chokes, RFC1 and RFC2, act as

short circuits constituting the bias path of the diode to the ground. The capacitors c,

and c_, appears as open circuits.

In the RF detector design the main aim is to obtain maximum signal sensitivity at a
sufficient video bandwidth broad enough to recover RF pulses properly. However, a
compromise must be made between the RF signal sensitivity and the video
bandwidth. The video bandwidth must be not greater than required in order to obtain

maximum sensitivity [23].

3.2.1.1 Diode Performance Characteristics [23]

The tangential signal sensitivity, video resistance and the voltage sensitivity are the

parameters that effect diode performance characteristics.

Tangential signal sensitivity (TSS)
The tangential signal sensitivity is the minimum power level of a signal that can be
detected in a specified signal to noise ratio at the output of the video detector. TSS
depends on

e REF frequency

¢ Video bandwidth

e Diode DC bias current

e Test mount or circuit

e Video amplifier noise figure

The upper and lower 3dB frequencies of the entire circuit should be stated with the
diode’s video resistance while specifying the video bandwidth. Since the upper 3dB
frequency is much larger than the lower 3dB frequency the bandwidth can be stated

with the upper 3dB frequency only, which can cause a misunderstanding; this gives
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an impression of the bandwidth extending down to DC. However, the flicker noise

deteriorating the TSS is effective at low frequencies.

In order to increase the sensitivity of the diode detector a forward DC bias current
can be used. This increases the shot and the flicker noise and reduces the video

resistance of the diode resulting in a worse TSS.

The package parameters are also effective on TSS. In order to obtain the repeatability

of the measurements the package parameters must be well controlled.

Video resistance
The video resistance is the small signal low frequency dynamic resistance of the
diode. The DC bias current used for increasing the sensitivity of the diode detector

reduces the video resistance of the diode.

Voltage sensitivity

Voltage sensitivity is the slope of the input power-output video voltage
characteristics of the diode detector. It depends on the DC bias current, load
resistance, signal level and RF frequency. The slope of the input power-output
voltage characteristics changes at the transition from the square law detection range
to the linear detection range. The voltage sensitivity is defined for the square law

detection range.

3.2.1.2 Optimum Video Detector Sensitivity

Assuming a diode ideality factor of » =1.08 and at room temperature, the TSS of a

video receiver can be stated as [24]

R, [
TS, =—107+5logB, +10logl, +510{RA +?(1+ﬁ1nﬂﬂ+1010{1+“’7[-—’°”p} (3-1)

d 4 L d

where

B, = Video bandwidth in Hz
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1, = Diode DC bias in u4

fv = Diode flicker noise corner frequency, Hz

/i = Video circuit low frequency 3 dB point, Hz

Ry = Diode series resistance, Q

€ = Diode junction capacitance, pF, at the bias current /,

It is obvious from (3-1) that the diode parameters affecting the diode detector

sensitivity are f, R; and ¢, . The diode DC bias current can be chosen to obtain

maximum sensitivity for a given diode at a specified frequency [23].

3.2.1.3 Bandwidth Requirements

Video bandwidth has a deterministic affect on the recovery of the modulated signal,
a diode detector with a video bandwidth smaller than required causes a distorted
signal to be observed at the output of the video detector; in other words, the
information may be wrong. Since a compromise must be made between the video
bandwidth and RF signal sensitivity, the video bandwidth must be not greater than

required at the same time [23].

3.2.1.4 Dynamic Range

As seen from Figure 3-3 the input power vs. the video output voltage characteristic is
composed of two regions as the square law detection region and the linear region
detection region. The dynamic range of a video detector is defined as the square law
region where the relationship between the input power and the output video voltage
sV

out

= yP, , where y is the diode voltage sensitivity [23].

3.2.1.5 Design Considerations for Video Detector

The basic video detector circuit and its equivalent representations are given in Figure
3-5; (a) shows the complete video detector circuit, (b) shows the equivalent circuit at

the RF port and (c) shows the equivalent circuit at the video port.
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Figure 3-5: Video detector equivalent circuits [23]

3.2.1.5.1 Video Circuit Design Considerations [23]

In Figure 3-5 R, is the diode video resistance, R, represents the load resistance or
the input resistance of the amplifier, c, is the RF bypass capacitor and ¢, represents

the amplifier input capacitance. It is obvious that the equivalent circuit at the video

port operates like a parallel RC filter with an upper 3dB frequency f, ;.5 = 1
27R ¢
R, R
where R, =R, //R, =—"—*— and ¢, =¢, +c,.
R, +R,

In order to increase the video bandwidth the upper 3dB frequency must be increased,

which means the reduction of R, and ¢, . R, or R, can be reduced to decrease the
value of R, . However, it may not be possible to decrease R, because this may lead
to a reduction in amplification. Decreasing the value of R, by biasing the diode with

a positive voltage will increase the bandwidth, but decrease the sensitivity of the

video detector at the same time. In the same way ¢, can be decreased by decreasing
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¢, or c,. Since c, is determined primarily by the amplifier circuit, decreasing c, is
a more proper choice. However, decreasing the value of ¢, much smaller results in
the reduction of the signal level delivered to the diode. The reactance of ¢, must be

smaller than the 10% of the RF impedance of the diode at the operating frequency.

3.2.1.5.2 REF Circuit Design Considerations [23]

RF circuit is composed of an RF filter matching the source resistance to the diode

junction resistance R,. The parameters ¢, and R given in the equivalent circuit at

the RF port introduces an RF loss which can be expressed as;

R
L, :1010g|:1+R—S+wzcj2RSRj} (3-2)

J

where w=27f

Since R; can be expressed as R, = ?, (3-2) becomes
d

I 28wc .ZRS
d 4 ! } (3-3)

R
L, =10log/1+—
dB g{ 3 I,

It is obvious from (3-3) that the diode DC bias current should be increased to
minimize the loss of the signal, which means a less sensitive video detector will be
obtained. Decreasing the diode video resistance by giving more DC bias current than
required to obtain maximum TSS facilitates the broadband matching of the video

detector.

3.3 Video Detector Design

The Schottky diodes are chosen for the detector design because of the reasons

explained in the comparison section. In the video detector design Schottky diodes are

51



used for obtaining a larger dynamic range and making the diode detector operate in a
wider temperature range; at the same time superior pulse response can be maintained

with Schottky diode detectors.

At all the design steps there are two simulation results that must be checked whether
the video detector is operating properly and the RF matching can be realized easily.

The electromagnetic simulations are made with ADS™ [25].

The first step in the video detector design is the determination of the RF choke RFC,
and the bypass capacitor c,. The values of these components determine the amount

of RF signal power induced on the detector diode and the amount of the reflected
wave at the input RF port. The detector output must be at reasonable levels and the
expected diode detector input power-output video voltage characteristics must be
maintained while RF matching is realizable. With these constraints some inductor

and capacitor values are tested and optimized for a constant DC bias current.
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Figure 3-6: Video detector design
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The video detector design seen in Figure 3-6 is composed of two identical diode
detectors and an operational amplifier used for eliminating the effect of the DC bias
current and obtaining the video signal originating only from the incoming RF signal.

The inductor and the capacitor values make the S|, characteristics rotate in the Smith
Chart. The imaginary part of §,, is intended to make as small as possible to facilitate

RF matching. The appropriate inductor and capacitor values are chosen by

optimization and found as L =20nH and ¢ =22pF which can be obtained easily.

mi1

F=4.200

5(1,1)=0.648/0.5932
INPUT_PWWR=-15.000000
impedance = Z0 * {4678 +j0.097)

511 {dB)
e o i
q_;_:;,_i

Freguency (GHZ) {2.000 to 6.000)

Figure 3-7: S11 characteristics of the video detector at a diode DC bias of 47514
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Figure 3-8: Input power-output voltage characteristics of the video detector at a

diode DC bias of 475uA
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It is obvious from Figure 3-7 that RF matching circuitry is realizable and Figure 3-8
shows that a reasonable video output voltage can be maintained with the chosen
inductor and capacitor values. The Schottky diode detector input power-output
voltage characteristics composed of two detection regions as expected; the square
law detection range and the linear region detection range, is also observed in Figure

3-8.

In order to obtain a more sensitive video detector the diode DC bias current is varied

by sweeping the value of R, as seen in Figure 3-9.

bias
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Figure 3-9: The effect of the DC bias current on the input power-output voltage

characteristics of the video detector by sweeping the value of bias resistor R

bias

It is obvious that the detector is more sensitive when R,. =15kQ. However,

bias

increasing R, greater than 13kQ has no significant effect on sensitivity and

bias
increases the diode video resistance by decreasing the diode DC bias current which
makes the RF matching circuit design more difficult. So, an intermediate value of

R, =13kQ) is chosen and Figure 3-10, Figure 3-11 and Figure 3-12 show the

simulation results.
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Figure 3-11: S11 characteristics of the video detector at R, =13kC) on rectangular

plot (diode DC bias current 367 uA)
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Figure 3-12: Input power-output voltage characteristics of the video detector at

R,... =13kQ) (diode DC bias current 367 1A )

Up to this stage the gain of the operational amplifier is unity. The gain can be
adjusted to obtain the desired slope of the video detector. Increasing the gain also
improves the S|, characteristics of the video detector. However, increasing the gain
to a very high value results in the saturation of the operational amplifier and the
whole dynamic range cannot be used for video detection. A gain of 4 will be
sufficient for this purpose. The resulting §,, characteristic of the video detector is

given in Figure 3-13.
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Figure 3-13: S11 characteristics of the video detector at R,, =13kQ with a gain of

bias

4 (diode DC bias current 367 uA)

The comparison of Figure 3-11 and Figure 3-13 concludes that increasing the gain of

the operational amplifier decreases S, values for the video detector. The

improvement is more significant at low signal power levels.

Some lines must be added to mount the detector circuit components without

disturbing the S|, characteristics; furthermore, these lines may be optimized to

maintain better S, characteristics making the RF impedance match easier.
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Figure 3-14: Video detector circuit after addition of lines to mount circuit

components

59



m

F=4.000

S(1,1=0.541/0042

INPUT _PywR=-20.000000
impedance = 70 * (3359 + j0.004)

511 (B

¥
J’}/‘//

Frequency (GHzZ) (2.000 to 6.000)

Figure 3-15: S11 characteristics of the video detector after addition of lines to mount

circuit components

The next step is the determination of the RF matching circuitry. Quarter wave
transformers can be used for broadband matching of real loads [26]. As seen from

Figure 3-15 S|, at the center of the frequency band is real. So, this makes quarter

wave transformers possible to be used for broadband matching of the video detector
and the simulation results at the end of the frequency band will be accepted.

S™ [25] is used to obtain the matching circuitry.

Impedance matching tool of AD
After designing the matching sections with ADS™ [25], the physical dimensions of
the transmission lines are determined with MWOffice® [27] and realizable values
for the width and length of the transmission lines are chosen for the design. Since the
signal is transmitted with a line surrounded by ground planes and the metal back is
also grounded, grounded coplanar waveguide structure is chosen to maintain the

closest electromagnetic simulation results with the real case as seen in Figure 3-16.
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Figure 3-16: RF matching circuitry and its physical dimensions for CPW structure

Electromagnetic Simulation in Momentum [28]

At this stage it is beneficial to explain briefly how electromagnetic simulation is

performed in Momentum. Assume a CPW structure as in Figure 3-17 will be

simulated in Momentum.

CPW1

Figure 3-17: CPW structure

There are two ways to perform the electromagnetic simulation:

e Mapping metal layers instead of slot layers and using 2 single and 4 ground

ports

e Mapping slot layers instead of metal layers and using 4 coplanar ports
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First, consider mapping metal layers instead of slot layers. The conductor of the
coplanar waveguide structure is surrounded by two other conductors modeling the

ground plane as seen in Figure 3-18.

P33 = P4
P e
P55 < Ps

Figure 3-18: Mapping metal layers instead of slot layers

The substrate is updated from the schematic as in Figure 3-19.
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Precarmpute. ..
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Figure 3-19: Updating the substrate from schematic
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After updating the substrate from the schematic the layout mapping layer is modified
and determined as strip from Layout Layers tab under Create/Modify Substrate

option.

=/ [tez_2011_prj ] CPW_sekil * {Layout):12

File Edit Select Wiew Insert Options Tools  Schematic | Momentum ‘Window Designizuide Help

EEEEINE R (R e [ o ilg@
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Port Editar. ., Save
Box - Waveguide »  Save As...
Companent

Mesh .
Sirnulation Update Fram Schemahc
Cpkirnization

Post-Processing

Precompute. .,
SURMIary ., ..

3DEM

Figure 3-20: Modifying the substrate for strip mapping
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Figure 3-21: Layout layer mapping as strip
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Port 1 and port 2 are assigned as single mode ports and the other ports are assigned

as ground reference as seen in Figure 3-22.

Port Properties Editor:1
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o f il
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Cancel |
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ok | [ aeew |
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Help |

Figure 3-22: (a) Single mode port assignment (b) Ground reference port assignment

Mapping slot layers is a simpler method than mapping metal layers since the physical

dimensions of the slots are determined by the coplanar waveguide structure as seen

in Figure 3-23.
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Figure 3-23: Mapping slot layers instead of metal layers

As in metal layer mapping, after updating the substrate from the schematic the layout
mapping layer is modified and determined as slot from Layout Layers tab under

Create/Modify Substrate option as seen in Figure 3-24.

Create,/Modify Substrate:12 |
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=
=
Info
Lavaut laper mapped az SLOT
- Model: infinite ground plane with holes
- M ateral: perfect canductar

Stip I Slot I ia |Unma|:u|

(] | Eancell Help |

Figure 3-24: Layout layer mapped as slot
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All the ports are assigned as coplanar mode ports and associated with the ports on the

same side as in Figure 3-25.

Port Properties Editor: x|

Paort 1 selected on SLOT laper cond .

— Port Type

Coplanar bMode ﬂ
— Polarity
f+ Momal " Reversed

— Impedance
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[50 {abm x|
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i f mil |
—Agzociate with port number

|3
— Part Infa

Coplanar Mode SLOT part
- franzmizzion line excitation
- extended calibration

0K | Apply | Eancell Help |

Figure 3-25: Assigning 4 coplanar ports in slot mapping

Mapping slot layers is chosen for its simplicity to perform the electromagnetic
simulation in Momentum. The layout of the RF matching circuitry and the
corresponding slot layer mapping are given in Figure 3-26 and Figure 3-27

respectively.

Figure 3-26: Layout of RF matching circuitry
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Figure 3-27: Slot layer mapping of the RF matching circuitry layout
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Figure 3-28: RF matching circuitry
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Figure 3-29: The reflection and transmission characteristics of the RF matching

circuitry simulated with different methods
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The simulations of the first and the second RF matching circuitry are close to each
other as expected. The third simulation performed in Momentum has a difference at

the end of the frequency band.

The RF matching circuitry is included as an .s2p file obtained from the

electromagnetic simulation in Momentum as seen in Figure 3-30.
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Figure 3-30: Video detector design with RF matching circuitry
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Figure 3-31: S11 characteristics of the video detector after the RF matching circuitry

design

The improvement of the video detector S11 characteristics can be observed by the
comparison of the Figure 3-13 and Figure 3-31. Since the video resistance of the
detector diode is varying with the input signal power S11 characteristics of the video
detector changes at the same time. It is acceptable to obtain S11 at a level of -10dB

for a video detector at an input power of -20dBm. The resulting output video voltage

is simulated in Figure 3-32.

F=2.000
dB(S(1,1))=-11.352
INFUT_PWR=-30.000000

i
indep(m13=-20.000
plot ws(realWout]: 4], INPUT _PWHE)=0.037

Wideo Detector QutputYaltage 0

-0 -50 -40 30 -0 -10 i 10 0

Input Power (dBm

Figure 3-32: Input power-output voltage characteristics

of the video detector after the

RF matching circuitry design
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CHAPTER 4

LOGARITHMIC AMPLIFIER

4.1 Determination of the Operational Amplifier

In order to eliminate the video signal originating from the bias voltages of the
Schottky diodes and the offset voltages originating from the temperature differences
two Schottky diode detectors are used in a differential manner with an operational

amplifier model defined in ADS™

[25] in the previous section explaining the
detector design. Since the gain of the logarithmic amplifier is very high, identical
detectors must be used to minimize the offset voltage at the output of the operational
amplifier; a small offset voltage causes a large video signal at the output of the video
amplifier and the operational amplifier summing the video signals obtained from
each logarithmic stage saturates making the detection of the RF signals impossible.
At the same time, the noise at the output of the operational amplifier eliminating the
signal originating from the bias voltages must be minimized to obtain TSS values as

small as possible. Two operational amplifiers are compared for these purposes in

Table 4-1 and in Table 4-2.
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Table 4-1: Offset voltage performance at 25°C [29] [30]

ADg099 MAX4226

Typ. | Max. | Typ. | Max. | Units

Input Offset Voltage 0.1 | 0.5 | 05 5 mV

Input Offset Voltage Drift | 2.3 2 uv/eC

It is obvious from Table 4-1 that the input offset voltage of AD8099 is smaller than
the MAX4226 counterpart.

Table 4-2: Noise performance [29] [30]

AD8099 MAX4226
Input Noise
) 0.95nV /«/Hz at f =100kHz 2nV /A Hz at f =10kHz
Voltage Density

It can also be seen from Table 4-2 that the noise performance of AD8099 is superior
to MAX4226. Noise performance of MAX4226 and AD8099 are simulated and the

results are presented in Figure 4-2 and Figure 4-4.
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Figure 4-1: MAX4226 circuit schematic
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Figure 4-2: MAX4226 noise performance
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Figure 4-3: AD8099 circuit schematic
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Figure 4-4: AD8099 noise performance

Comparing Figure 4-2 and Figure 4-4 obtained with LTspice/SwitcherCad III [19]
shows that AD8099 is more convenient than MAX4226 with a much better noise
performance. The noise performance of AD8099 can be improved by adjusting the

compensation components, but this may result in the reduction of the bandwidth at
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the same time; the compensation components are chosen to maintain this
compromise. So, AD8099 is chosen for the design with its superior noise and offset

voltage performances.

4.2 Logarithmic Amplifier Specifications

The input power-output video voltage characteristics of the Schottky diode detectors
comprises of two detection regions with different slopes: the square law detection
region and the linear detection region. In order to obtain a wide dynamic range both
of the detection regions must be used and the slopes must be equated for the desired
logarithmic response. The gains of each amplifier stage are determined by the

parallel amplification parallel summation method explained in the literature survey.

4.2.1 Square Law Detection Region

The dynamic range of the DLVA is chosen as 50dB in order to obtain maximum
sensitivity with a small number of realizable gain stages.

Dynamic range (D): 50dB

Number of stages (N): 4

The parameters of the amplifier stages are calculated as;

20log D =50

D=4" = v
20log 4™ =50

= A4=4.217

]Ll :ILﬁ:1'311L

Choose g, =1 for simplicity.

With these parameters the gains of each individual logarithmic stage are calculated
according to (1-16) as,

GI = gm = 1

G,=g,(4-1)=3.217

G, =g,4(4-1)=13.57

G,=g,A4°(A-1)=57.2

Since the parallel amplification parallel summation method is used the limiting

values of the differential amplifier stages constituting the DLVA must be small in
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order not to saturate the operational amplifier summing the video signals obtained

from different amplifier stages. The collector resistor R. has a deterministic effect
on the limiting voltage values of the differential amplifiers used as logarithmic stages
with the current obtained from the current mirror. So, R, is chosen as R. =1.8kQ2
and R,, is chosen as R,, =35kQ).

Since /,, =1.31/, and R,, =35kQ, the resistor of the current mirror at the amplifier
stage with the least gain is calculated as

R, =R, /1.31=35kQ/1.31=26.7kQ

So, R,,, ischosenas R,,, =26.5kQ).

With these current mirror resistors the corresponding emitter currents are calculated
as I, =266uA4 and I,,, =350uA4 which result in emitter resistors as r, =188CQ2 and
r, =142.5Q respectively.

According to (2-8) the circuit components are calculated as;

R, 18O
T (¥R, (1425Q+R,)

= 1= R, =1.658kQ

B R, L 1.84kQ2
(r,, +Rp,) (I188Q2+R,,)

~

) =

= 3217 = R, =371.5Q

Since the third and the fourth gains are high, two gain stages are used, one of which

is common for both logarithmic stages.

R, R, 1.8kQ2 3.9k

== =- =-13.57
YT (ra+R.) (L +R,)  (I88Q+R,,) (I88Q+R,)
Choose ﬂzlS = R, =72Q
(188Q+R,)
n 8 o047 o R,, =1.8kQ
(188Q+R,;)
R R , ,
G, =- c4 C __ 1.8kQ2 3.9kQ _ 579
(r,+R,,) (r,+R,)  (188Q+R,,) (188Q+R,)
Since
3.9kQ 1.8kQ

D7 o5 = —— 0 =3813 = R,, =284Q
(188Q+R,) (188Q+R,,)
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The calculated resistor values are R, =1.658kQ, R., =371.5Q, R, =72Q,
R, =18k, R, =284CQ) where R, represents the emitter resistances of each

individual stage and R, represents the emitter resistor of the common differential

amplifier used to obtain high gain values for the third and the fourth stages.

The emitter resistor values are chosen as close as possible to the calculated values
and the design is simulated with the resistor values; R, =1.5kQ2, R,, =357Q,
R, =75Q, R, =1.8kQ2, R, =274Q.

The gain resistors at the output stage of the DLVA summing the video signals

obtained from different logarithmic stages are chosen as 5kQ in order to prevent the

operational amplifier LMH6725 from going into saturation.
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R R
..... 148 . o .49
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..... o . . o . = R
..... . o 164 TBS
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ND18,_aap, 01026 M01%, N020, 1027 021 gaa 02T
. R . . = R R
R 2L 9 . .rio
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n023, aan,— 028 MD2%, apa, 0028

R R

4 rg

R=274 R=274

OUE A A A 1045 A A g

R =R
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: Selected resistor values for logarithmic amplification
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Figure 4-6: The circuit schematic of the logarithmic amplifier with selected resistor

values

“Y[out]

Figure 4-7: The input voltage-output voltage characteristics of the logarithmic

amplifier in logarithmic scale
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The circuit schematic given in Figure 4-6 is simulated with LTspice/SwitcherCad III
[19] and the corresponding input voltage-output voltage characteristic of the
logarithmic amplifier is observed in Figure 4-7. The dynamic range is sufficient;
however, it is obvious that the gain of the logarithmic stages must be adjusted to

obtain linearity in the input voltage-output voltage characteristics.
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Figure 4-8: The input power-output voltage characteristics of DLVA with four

logarithmic stages

The DLVA design is simulated and the input power-output voltage characteristic is
maintained as in Figure 4-8. Different from Figure 4-7, a change in slope is observed
in Figure 4-8. This results from the Schottky diode detector characteristics
comprising of two different detection regions as the square law detection region and
the linear detection region. Figure 4-9 shows the change in slope at the output of

AD8099.
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Figure 4-9: The input power-output voltage characteristics at the output of AD8099

In order to maintain linearity in the input power-output voltage characteristics of
DLVA some modifications must be made. As a starting point the emitter resistor of
the logarithmic stage with the least gain must be made smaller for a larger gain. The

emitter resistor R, =1.5kQ is changed with R, =0.8kQ for this purpose as in
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Figure 4-10: Modified resistor values to maintain linearity in the input power-output

voltage characteristics of DLVA
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Figure 4-11: The input power-output voltage characteristics of DLVA with modified

resistor values to maintain linearity

The input power-output voltage characteristics of DLVA with the emitter resistor

changed to R, =0.8%kQ is observed in Figure 4-11. The linearity is maintained with

small deviations. However, the dynamic range can be extended much more by using
the linear detection region and adjusting the slope of the linear detection region with

respect to the square law detection region for the desired logarithmic response.

4.2.2 Linear Detection Region

For the linear detection region the dynamic range is chosen as 35dB and the number
of logarithmic stages is 4 for a simpler circuitry. It must be kept in mind that the
sensitivity region of the last logarithmic stage of the linear detection region coincides
with the first logarithmic stage of the square law detection region as observed in
Figure 4-11, which means the total number of logarithmic stages in DLVA will be 7
instead of 8.

Dynamic range (D): 35dB

Number of stages (N): 4

20log D =35

D=4" =
20log AY =35

= A=2.74
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A
I, =1, ——=1.5751
n =TT L

The slopes of the square law detection region and the linear detection region can be
adjusted roughly with the simulation observed in Figure 4-8.
The slope of the linear detection region is;

838707 262

The slope of the square law detection region is;

551-196
10

=355

The slope variation is compensated by changing the g, value for the linear detection
region and it is calculated as

g, =log26.2-10og35.5=-0.132

With these parameters the gains of each individual logarithmic stage are according to
(1-16),

G =g,=0.132

G,=g,(4-1)=0.23

G, =g,4(4-1)=0.63

G, =g,A*(4-1) =172

As in the square law detection region calculations R is chosen as R. =1.8kQ2 and
R,, is chosen as R,, =26.5kQ.

Since /,, =1.5751, and R, =26.5kC), the resistor of the current mirror at the
amplifier stage with the least gain is calculated as

R,, =R, /1.575=26.5k2/1.575=16.8kQ

With these current mirror resistors the corresponding emitter currents are calculated

as 1,, =350uA4 and I,,, =554u4 which result in emitter resistors as r, =142.5Q
and r,, =90Q respectively.

According to (2-8) the circuit components are calculated as;

o R, _ 1.85kQ)
T Ry (90Q+R,)

= —0.132 = R, =13.55kQ

81



RC2

1.84C2

T(r, +R,,) (1425Q+R,,)

=—023 = R,, = 7.68kQ

1.84kQ2

T, +R,)  (1425Q+R,,)

=-0.63= R, = 2.7k

1.84kQ2

G, =
G, = Re;
G, = Rey

T(r. +R,) (1425Q+R,,)

=-1.72 = R,, =904Q

The calculated resistor values are R, =13.55kQ, R,, =7.68kQ, R, =2.7kQ,

R;, =904Q where R,, represents the emitter resistances of each individual stage.

The emitter resistor values are chosen as close as possible to the calculated values

and the design is simulated with the resistor values; R,, =13.3kQ2, R,, =7.68kQ2,

R, =2.74kQ, R,, =909Q.

Figure 4-12 shows the selected resistor values used in 7 logarithmic stages for

logarithmic amplification.

Figure 4-12:
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Figure 4-13: The input power-output voltage characteristics of DLV A with selected

resistor values at 2GHz
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Figure 4-14: The logarithmic error of DLVA with changing input power with

selected resistor values at 2GHz

It may be predicted from Figure 4-13 that the logarithmic response can be improved;

in other words, the deviation from linearity may be minimized. The logarithmic error
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observed in Figure 4-14 proves this situation and some modifications must be made

to obtain a better logarithmic response with smaller logarithmic error.

Figure 4-15 shows the modified resistor values to obtain an improved logarithmic

response with smaller logarithmic error.
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Figure 4-15: Modified resistor values for a better logarithmic response with smaller

logarithmic error
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Figure 4-16: The input power-output voltage characteristics of DLVA with modified

resistor values at 2GHz

The input power-output voltage characteristics of DLVA observed in Figure 4-16 is
superior to the characteristics in Figure 4-13. The slope is nearly the same for both of
the detection regions:

1.554 -0.891
15

0.891-0.223
15

As expected, since the linearity is improved, the logarithmic error is much smaller

=442mV |/ dB

=44.53mV / dB

and much closer to zero in the dynamic range as observed in Figure 4-17.
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Figure 4-17: The logarithmic error of DLV A with respect to the input power with

modified resistor values at 2GHz
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Figure 4-18: The simulated input power-output voltage characteristics of DLVA with

modified resistor values in 2-6GHz frequency band

The input power-output voltage characteristics of DLVA with modified resistor
values in 2-6GHz frequency band is observed in Figure 4-18. At this stage, a value

for frequency flatness tolerance must be defined; a tolerance of 2dB can be
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acceptable in the operating frequency band. This characteristic is desired to be
independent of the operating frequency; in other words, the frequency flatness must
be kept in the tolerance value defined in the operating frequency band. The

logarithmic slope is approximately 44mV / dB .
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Figure 4-19: The input power-output voltage characteristics at the output of AD8099
in 2-6GHz frequency band

The shift in the input power-output voltage characteristics of DLVA in 2-6GHz
frequency band arise from the detector input power-output voltage characteristics as

observed from Figure 4-19.
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Figure 4-20: The logarithmic error of DLV A with respect to the input power in 2-
6GHz frequency band

In the simulations the frequency flatness is preserved with a tolerance of 1dB as seen
in Figure 4-20. The logarithmic error is +40m} with a logarithmic slope of
44mV / dB . The DLVA has a dynamic range of 384B extending from —29dBm to
9dBm .
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Figure 4-21: S, characteristics of the DLVA at different input power levels in 2-

6GHz frequency band in polar plot
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Figure 4-22: S, characteristics of the DLVA at different input power levels in 2-

6GHz frequency band

Since the input impedance of the Schottky detector diodes varies with the input RF

power level as observed in Figure 4-21, S|, characteristics of the DLVA changes

with the input RF power levels in 2-6GHz frequency band as observed in Figure

4-22. §,, values in the operating frequency band are tried to be kept constant at a

specified power level with the help of an RF matching circuitry. §,, values for a

DLVA can be much higher than any RF structures; an S, value of —10dB is

acceptable at an input RF power level of —20dBm . The §,, values for RF signals

with low power are smaller and the S|, values for RF signals with high power are

worse as predicted.

4.3 Implementation and Measurements

The measurements taken with the modified resistor values in order to maintain

linearity with minimum logarithmic error are presented in this section. The

consistency between the simulation results and the measurements is examined.
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DLVA circuit architecture is given in Figure 4-23. As explained the design is
composed of two parts: the diode detector and the logarithmic amplifier. The detector

is produced with RO4003 with a metal thickness of 34,m and substrate thickness of

32mil in order to obtain realizable transmission lines in the RF matching section.
The DC bias current of the Schottky diodes is supplied from the regulator in the
logarithmic amplifier side. Two diode detectors are used to eliminate the video
voltage originating from the DC bias current. Despite using two detectors, there
occurs an offset voltage of approximately 50m) at the output of the detector
logarithmic video amplifier making the dynamic range narrower. An additional
resistor connected to LMH6725 at the summing stage is used to minimize the offset
voltage to approximately 5Sm}) and the dynamic range is improved by this way.
Since the logarithmic amplifier has video voltage it is not necessary to use RO4003
as substrate; instead, FR4 is used to decrease cost. The logarithmic stages with
modified resistor values constitute the logarithmic amplifier as seen in Figure 4-23.
The operational amplifier at the output sum the currents obtained from the

logarithmic stages.
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Figure 4-23: DLVA circuit architecture
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Figure 4-24: The measured input power-output voltage characteristics of DLVA with

modified resistor values in 2-6GHz frequency band

The measured characteristic observed in Figure 4-24 is close to the simulation results
observed in Figure 4-18 with slight differences in the DLVA output voltages. The
important point in Figure 4-24 that must be noticed is the frequency flatness of the
DLVA. The markers indicate that the frequency flatness tolerance is approximately
ldBm ; in other words, a power shift of approximately 1dBm is necessary to obtain
the same output video voltage at the operating frequency band and this is an

acceptable tolerance for a DLVA.
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Figure 4-25: The measured input power-output voltage characteristics at the output

of AD8099 in 2-6GHz frequency band

The shift in power with changing operating frequency in Figure 4-24 arises from the
input power-output voltage characteristics of the Schottky diode detector obtained at
the output of the AD8099 as observed in Figure 4-25. The two detection regions with
different logarithmic slopes; the square law detection region and the linear detection

region, are also seen in Figure 4-25.
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Figure 4-26: The logarithmic error of DLV A with respect to the input power in 2-
6GHz frequency band

The logarithmic error determines the dynamic range of the DLVA. The dynamic
range varies slightly with respect to the operating frequency as observed in Figure
4-26. The worst results are taken at 6GHz, the logarithmic error is £30mV with a
dynamic range of 38dB extending from —27dBm to 11dBm ; and the best results are
taken at 2GHz, the logarithmic error is £30m) with a dynamic range of 41dB
extending from —30dBm to 11dBm .
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Figure 4-27: §,, characteristics of the DLVA at different input power levels in 2-

6GHz frequency band

The measured ), characteristics of the DLVA observed in Figure 4-27 shows a
great similarity with the simulation results obtained in Figure 4-22 with slight

differences in the S|, values. §,, values for a DLVA can be much higher than any
RF structures; an S,, value of —10dB is acceptable at an input RF power level of
—20dBm; an S,, value of —8.8dB is obtained at an input RF power level of
—20dBm with the measurements. The §,, values for RF signals with low power are

smaller and the S|, values for RF signals with high power are worse as predicted.
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CHAPTER 5

CONCLUSION

Detector logarithmic video amplifier is an essential part of many modern radar and
electronic warfare systems. Since DLVA 1is used to convert the power of the RF
signals to video voltages, it can be regarded as a logarithmic converter instead of
logarithmic amplifier; this conversion makes the process of RF signals with a wide
amplitude range possible. Single stage detector logarithmic video amplifiers have a
dynamic range dependent on the diode detector. Extended range detector logarithmic
video amplifiers can be constructed with required number of single stage detector
logarithmic video amplifiers operating in different RF power intervals. DLVA is
designed to be independent of frequency and temperature variations. Since the offset
voltage at the DLV A output has an obstructive effect on the detection of RF signals
with low power, it is minimized to increase the dynamic range and improve

sensitivity.

In this thesis work, a detector logarithmic video amplifier is designed and fabricated
with a dynamic range of 40dB in the 2-6GHz frequency band. The DLVA is
supplied with a £ 5.3V power supply delivering a current of 25mA in the lack of an
RF signal. The design is composed of two main parts as the video detector and the

logarithmic amplifier.

First, the video detector is designed. Since Schottky diodes are used for detection,

DC bias currents are used to improve sensitivity and to make matching of the

96



detector circuit easier by reducing the video resistance of the Schottky diode. In
order to eliminate the video voltage resulting from the DC bias two identical diode
detectors are used and the output video voltages are connected in a differential
manner; this makes the detection of RF signals with low power possible. This
differential structure also makes the video voltage independent of temperature
variations, because the identical diode detectors are affected in the same way. The

RF matching circuitry is designed to obtain minimum S, in the operating frequency

band. However, since the detector diode has a high video resistance making RF
matching impossible, DC bias current is used to reduce the video resistance of the
diode. Since the DC bias current can be increased to a level that does not deteriorate
the input power-output voltage characteristics of the diode detector, RF matching is
still a challenge; in other words, the priority is at the conservation of the input power-
output voltage characteristics of the diode detector, the RF matching is insignificant
beside these characteristics. The production processes restricts the design of the RF
matching circuitry because of the thickness of the transmission lines being very
narrow. Optimum number of transmission line sections is chosen with optimum

thickness values.

The video resistance of the detector diode not only depends on the DC bias current,

but also the power level of the incoming RF signal. In the design a reference S,
value of —10dB is aimed at an incoming RF signal power of —20dBm , which is an

acceptable value for detector applications and the measurements show that an S,

value of —8.8dB is obtained at an RF signal power of —20dBm .

Second, the logarithmic amplifier is designed. The logarithmic function is
approximated by the summation of the output currents of the differential amplifiers
operating as the logarithmic stages. In order to benefit from the whole dynamic range
of the diode detector the logarithmic amplifier is composed of two designs: first one
is operating in the square law detection region and second one is operating in the
linear detection region of the detector. The formulations in Chapter 1 are used to
determine the gain of the logarithmic stages and the formulations in Chapter 2 are

used to determine the circuit components. Since the slope of the input power-output
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voltage characteristics of the diode detector is different for the two detection regions
the slopes of the logarithmic stages are adjusted to obtain the desired linear
characteristics. However, the measured circuit components may not give the
minimum logarithmic error. Some modifications in the circuit components are made
to obtain minimum logarithmic error, and a wider dynamic range is obtained by this
way. The dynamic range varies slightly with respect to the operating frequency. The
worst results are taken at 6GHz, the logarithmic error is +30m} with a dynamic
range of 38dB extending from —27dBm to 11dBm ; and the best results are taken at
2GHz, the logarithmic error is £30m} with a dynamic range of 41dB extending
from —30dBm to 11dBm .

As a future work extended range detector logarithmic video amplifiers can be
obtained with single stage detector logarithmic video amplifiers by parallel detection

approach.
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