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ABSTRACT

To better understand contributions of large ice sheets to sea level rises semgihg radars are
used to measure relevant characteristics. The Center for Remote S¥nsen§heets (CReSIS)
at the University of Kansas has been developing ultra wideband radars to nieasuréace
elevation of polar ice sheets, near-surface internal layers in polaarforthickness of snow
cover on sea ice. There is a need for an amplitude leveling subsystem foattegsdo achieve
constant transmit power since amplitude distortions degrade range sidelobegece of these
radars. A closed-loop amplitude leveling subsystem for frequency-modulatesl isadasigned,
constructed and tested. This system uses a coupler and power detector to aaswpiegower
and feedback a control voltage to a variable-gain amplifier that contrasnpitude of the
transmit signal. The closed-loop system is able to decrease amplituateowao +0.72 dB.
Results are presented, and sources of error are analyzed for this systaoreients of
required control voltage versus frequency are presented for an open-loop thydtdaes not
use the coupler or power detector. These two systems are compared, and retadionseare

given for future work.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

The International Panel on Climate Change (IPCC) reported in 2007 that fwgaofithe

climate system is unequivocal, as is now evident from observations of increakdmlin g
average air and ocean temperatures, widespread melting of snow and icengrglaisil
average sea level” [1]. Global surface temperature increased an ave@atf@®6ffrom 1956 to
2005, and global average sea level rose at an average rate of 3.1 mm per y2a88oon2003
[1]. The main contributors to this rise in sea level are thermal expansion of tins acel
melting of glaciers and ice caps. To better understand these contributiong, sengihg can be
used to study the surface elevation of polar ice sheets, near-surfacal latgers in polar firn,

and thickness of snow cover on sea ice.

Sea ice acts as a thermal insulator between the air and the ocean, slaveyghange between
the warmer ocean water and the cooler air. Thicker sea ice provides grealsgion. Because
of its high albedo, sea ice also reflects up to 90% of incident energy from the surgswvhere
uncovered ocean water absorbs 85 to 90% of incident energy due to its high albedo [2].
Declining sea ice causes more energy to be absorbed by the ocean and isonradic
increase in global temperature. Sea ice also contributes to convection cueggnétes marine

life by blocking solar radiation, and provides a habitat for wildlife [2].

The presence of snow on top of sea ice further increases the thermailandgaween the air

and the ocean. The thermal conductivity of snow is approximately an order of madgside
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than that of sea ice, causing it to provide greater insulation [3]. Becaese tdygnow give large
amounts of additional insulation, the amount of snow cover plays a large role in titeoéxte
heat transferred. In addition to providing extra insulation, the snow reflects alinosident
solar radiation because of its high albedo, preventing it from being absorbed b tbe and
ocean [3]. Large quantities of snow cover can also act as mechanical loadsinigpinesice
and allowing water pockets to form in the sea ice. This causes errorshodréeneasurements

of sea ice height above the surface of the ocean and affects heat tranafgrdht the system.

1.2 Objectives

CReSIS has developed two radars to monitor sea ice and snow cover overdea kaeband

Radar is an altimeter that operates between 13 and 15 GHz and is used to iwessuface

elevation and map near surface internal layers in polar firn, and the Snovepadates between

2 and 7.5 GHz and is used to measure the amount of snow cover over sea ice. It can also be use
to map near-surface internal layers in the top 10-20 m of polar firn. The wide bdmlafidt

these radars allow them to have very fine resolution. There is a need far@ohigr amplifier

with constant amplitude over a wide bandwidth to be used for these systems. Hitgraittra

power allows the radars to be operated at higher altitudes, and wide ampthfiandith allows

the systems to retain their fine resolutions. Constant or windowed amplitude ovestéme sy
bandwidth is necessary to avoid range sidelobes which could bury weak echoes fredh des

targets.
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1.3 Approach

A wide-bandwidth variable-gain amplifier is used to provide the necessary irgasver. Two
different approaches are taken. In the first approach, the amplifier is pleeéeledback loop in
which transmit power is detected, scaled, and fed to the amplifier as a cwoitagk to correct
variations in amplitude. The goal of this approach is to level the amplitude ovestemsy
bandwidth with a closed-loop. In the second approach, amplitude variations in thattearese
characterized over the system bandwidth, and a digital control voltage iatgeremnd fed to the
amplifier to correct for amplitude variations. Windowing can also be applied.odiefthis

approach is to level and window the amplitude over the system bandwidth with an open-loop.

1.4 Organization

This thesis is organized into five chapters. Chapter 2 provides background informatien on t
need for amplitude leveling and the leveling process. Chapter 3 describes gineatielsi
implementation for the closed-loop system, and Chapter 4 provides the festiits system as
well as a discussion of error sources. Chapter 5 describes the open-loop Bysdéyn

Chapter 6 summarizes the different approaches and results and gives redatrons for future

work.
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CHAPTER 2: BACKGROUND

2.1 FM Radar

Frequency-modulated (FM) radars transmit waveforms that increasdylimefiequency over
time. The transmitted signal can be composed of frequency chirps separatedandim
continuous rising and falling frequency sweep (FM-CW radar). A frequengy with no phase
offset is given by Equation 2-1 whergg the start frequency of the chirp and k is the chirp rate

given by Equation 2-2. The end frequency of the chirp is given, layéit is the chirp duration.

S(t) = A(t)sin[Zyr( ft +%kt2)} 2-1

A frequency chirp and its return are shown in Figure 2-1. The transmitted freqerencis

shown in solid blue, and the return after a 30 us delay is shown in dotted red. The delay is the
difference in time between the transmit signal and the return as markedigutiee Delay for
two-way travel is calculated using Equation 2-3 where R is the one-way rangésahd speed

of light. The beat frequency is found by mixing the transmit signal andreigmal together and

is the difference in frequency between the two signals; this is constant oveirghéuration as

long as the frequency chirp is linear. Beat frequency is dependent on chinpdratielay and is
calculated using Equation 2-4. Because beat frequency is dependent on delay, meppdxt

to target range.
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FM Transmit Chirp and Delayed Return
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Figure 2-1: FM Transmit Frequency Chirp and DelayedReturn
2R
delay=— 2-3
C
f1 — fz
f, =k-delay = -delay 2-4

2.2 Amplitude Distortions

When the amplitude of a chirp is not leveled over frequency, there are effects oatthe be

frequency spectrum. In this section different amplitude distortions areag@dub see their
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effects. The normalized spectrum of a simulated 240 us frequency chirp fromd3.8Hz with
constant amplitude is shown in Figure 2-2. The amplitude of the spectrum over freiguency
constant except for small oscillations at the beginning and end of the chirp. Wity afde

10 s, corresponding to a height of 1500 m, the beat frequency spectrum is shown in Bigure 2-
Beat frequency for this frequency chirp and delay is calculated to be 83.333 Mbz us

Equation 2-4, which agrees with the simulated beat frequency shown in Figure 2-3. A zoomed
beat frequency spectrum is shown in Figure 2-4. There is a clear peak in thedpeaicy

spectrum where the expected beat frequency occurs.

Mormalized Chirp Spectrum (dB)
=
T
|

| | | | |

0

12 125 13 135 14 145 15 155 16
Frequency {GHz)

Figure 2-2: Simulated Frequency Chirp Spectrum withConstant Amplitude, 13 to 15 GHz, 240 ps
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Figure 2-4: Zoomed Beat Frequency Spectrum at 1500 with Flat Frequency Chirp Amplitude
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The normalized spectrum of a simulated 240 ps frequency chirp from 13 to 15 GHz with
sinusoidal distortion in amplitude is shown in Figure 2-5. 100 kHz sinusoidal distortion isiused i
this simulation, which can be seen in the frequency chirp spectrum. For a dejaynoi@ s,

the beat frequency spectrum is shown in Figure 2-6. Although there appears to bpeatied

the expected beat frequency, a zoomed beat frequency spectrum, shown in Fighea-hat

this is not the case. There are sidelobes present on both sides of the expectequssenyf at
harmonics of the sinusoidal distortion. This makes it difficult to determine the tatie be
frequency of the return and can also introduce false returns. A beat frequenof €00 kHz,

in this case, corresponds to a range error of 1.8 m. However, the sidelobe freqaedcies
therefore error amounts, depend on the distortion frequencies present in the fredprgpncy

amplitude for each case.

Mormalized Chirp Spectrum {dB)
=
T
|

| | | | |
{i]

12 125 13 135 14 145 15 155 16
Frequency {GHz}

Figure 2-5: Simulated Frequency Chirp Spectrum withSinusoidal Amplitude, 13 to 15 GHz, 240 us
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Figure 2-6: Simulated Beat Frequency Spectrum at I® m with Sinusoidal Frequency Chirp Amplitude
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Figure 2-7: Zoomed Beat Frequency Spectrum at 1506 with Sinusoidal Frequency Chirp Amplitude
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Another form of distortion occurs when the amplitude of the frequency chirp falls offiowee
The normalized spectrum of a simulated 240 ps frequency chirp from 13 to 15 GHz with
exaggerated decay in amplitude is shown in Figure 2-8. The amplitude at the end of the
frequency chirp is approximately 10 dB lower than the amplitude at the hagjioinihe
frequency chirp. For a delay of again 10 us, the beat frequency spectrum is slagure 2-9,
with a zoomed beat frequency spectrum shown in Figure 2-10. Although the distortian in be
frequency spectrum is not as apparent as with the sinusoidal amplitude distocton)é seen

in Figure 2-10 that the peak is wider in frequency than with no distortion and the thidspefak
are approximately 3 dB higher on the edges of the plot. This makes it nfanaltdib detect

multiple target returns that are close in beat frequency.

Marmalized Chirp Spectrum (dE)
=
T
1

-0 | | | | |
12 12.5 13 135 14 145 15 155 16

Frequency (GHz)

Figure 2-8: Simulated Frequency Chirp Spectrum withAmplitude Decay, 13 to 15 GHz, 240 us
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Figure 2-9: Simulated Beat Frequency Spectrum at I® m with Decaying Frequency Chirp Amplitude
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Figure 2-10: Zoomed Beat Frequency Spectrum at 1508 with Decaying Frequency Chirp Amplitude
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2.3 Amplitude Leveling

An example chirp waveform with amplitude distortion is shown in Figure 2-11 in order to
explain the process of amplitude leveling using a variable-gain amplifielotthat power of

the example chirp decreases over time and has a sinusoidal ripple caustmgnvar@utput

power. Since there is no additional gain available to boost output power when it begoys to dr
gain must be backed off to bring output power over all chirp frequencies down to the minimum

output power level. This is illustrated in Figure 2-12.

Example Chirp
30 T T T T T T T

Output Power (dBm)
Sk It
i y] [
T T
1 1

-
=
T
|

0 I I I I I I I
12 125 13 134 14 144 15 155 16
Freguency (GHz)

Figure 2-11: Example Chirp Waveform with Amplitude Distortion
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Example Chirp
3I:I T T T T T T T

Output Power (dBm)
o
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L

0 1 I 1 1 l I l
12 1245 13 134 14 144 15 154 16
Frequency (GHz)

Figure 2-12: Amplitude Leveling for Example Chirp Waveform

Since the minimum output power for the example chirp is 22.05 dBm at 14.95 GHz, after idea
leveling the output power will be 22.05 dBm at all chirp frequencies. The differemt EEngths

in the figure show that the gain must be backed off by different amounts at diffecgréncies.
The gain for a variable-gain amplifier is controlled by a control voltage. Thiggeols adjusted

to different levels over the chirp so that the amplifier gain gives an output pb22:105 dBm at
each frequency. An ideal amplitude leveled version of the example chirp is showuarna Fi

2-13.

The control voltage can be determined with different methods. A closed-loop metthioel ca
used in which the output power is sensed and then feedback through a system that déermines

appropriate control voltage based on the output power and the desired leveled output power. A
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open-loop method can also be used. Output power is measured over the chirp, the necessary
control voltages are calculated for constant output power, and the calculated cotagd vol
waveform is input to the variable-gain amplifier in sync with the chirp. Thitoddevels the

output power without any feedback but is susceptible to changes in the system over time.

Example Chirp

25 T T T T T T T
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A0r Y. 2205 .
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5_ .
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12 125 13 134 14 14.4 15 154 16
Freguency (GHz)

Figure 2-13: Ideal Amplitude Leveled Example Chirp
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CHAPTER 3: CLOSED-LOOP DESIGN AND IMPLEMENTATION

3.1 Design Overview

An overall block diagram of the amplitude control subsystem is shown in Figure 3-1. The
TriQuint TGA2509 wideband amplifier is used as the power amplifier for the rgstains, and
the remaining components in the subsystem are used for amplitude leveling. A padttien of
transmit signal is coupled off by the RF-Lambda RFDC2G18G30 ultra widebandatiegcti
coupler and fed to the Hittite HMC613LC4B successive detection log video anfiifough an
attenuator. A voltage proportional to the power of the signal input to the log videiiemmpl
output to a feedback circuit which scales this voltage for use as a control voltéye power
amplifier. The feedback circuit also controls voltage sequencing foustairthe power

amplifier. All components are chosen to have wide bandwidth so that the subsystesilgan ea
be used with different radar systems. Detailed descriptions of the subsgst@onents are

given in this chapter.

TGA2509
RFDC2G18G30
Feedback
Scaling &
Voltage Power
Sequencing Detector

HMCE13LC4B

Figure 3-1: Amplitude Control Loop Block Diagram
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3.2 Power Amplifier

The variable-gain power amplifier used in the amplitude control subsystemTsiQuint

TGA2509 wideband power amplifier. Key parameters of this power ampli@estanmarized in

Table 3-1 [4].
Table 3-1: TGA2509 Parameters
Frequency Range 2-20 GHz
P1dB 29 dBm
Nominal Gain 15dB
AGC Range 25 dB

In order to limit the cost of producing this subsystem, amplifier units werdérgotezl in house
instead of purchasing evaluation boards. Printed circuit boards were desigeediise
evaluation board layout information provided by TriQuint [5]. These boards wetedresang
Altium Designer 6 and were fabricated using 20 mil Rogers 4003 materiahvisit
Microwave Super SMA 5 mil pin end launch connectors are used in construction of the
completed amplifiers. A completed amplifier is shown in Figure 3-2, ard&ktonstruction

information is given in Appendix A.

'l'

‘;Ié'ure 3-2: Completed Power Amplifier
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Measured gain versus frequency for a constructed power amplifier is showgaia 3. A
maximum gain of 18.9 dB occurs at 2 GHz, and a minimum gain of 13.6 dB occurs at 17 GHz.
This gives a total variation of 5.3 dB over the 2 to 20 GHz range of the ampli@asured gain
versus frequency for the same constructed power amplifier is shown in Figuos Bid f

original frequency range of the Ku-band Radar, 13 to 17 GHz. In this rangeraunagain of

16.9 dB occurs at 13 GHz, and a minimum gain of 13.6 dB occurs at 17 GHz. This gives a total
variation of 3.3 dB over the 13 to 17 GHz range of the Ku-band Radar. Measurementefor thr
constructed amplifiers are shown in Figure 3-5 for comparison purposes. Thgdimmearves

agree well over most frequencies. These measurements are taken wathttblevoltage of the

amplifier open using a network analyzer and input power of 0 dBm.

TGA2509 Gain vs Frequency
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Figure 3-3: TGA2509 Gain versus Frequency for Consticted Power Amplifier
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TGA2509 Gain vs Frequency, 13-17 GHz
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Figure 3-4: TGA2509 Gain versus Frequency for Consticted Amplifier, 13-17 GHz
TGA2509 Gain vs Frequency

20

18

16

14
m 12
Z
- 10
‘©
O]

o N A O ©

5 10 15 20 25
Frequency (GHz)

~PAL = PA2  PA3|

Figure 3-5: TGA2509 Gain versus Frequency for Thre€onstructed Amplifiers
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The gain of the power amplifier can be controlled when a control voltage is applied asdoppos
to leaving the control voltage open. For the TGA2509 power amplifier, a control voltage
between -2 V and 5 V can be used, with higher voltages yielding higher gais satlie2 V
yielding the lowest gain values [4]. Gain versus frequency for control veltzgereen 0.049 V
and 0.47 V is shown in Figure 3-6; these measurements were taken with a net\yaeds amal
input power of 0 dBm. The lowest control voltage of 0.049 V produces the lowest gain values,
and the highest control voltage of 0.47 V produces the highest gain values. Gaontiile to
decrease as the control voltages decreases below 0.049 V; however, gaimexahum with a
control voltage around 0.6 V and will stay approximately the same as control volteggses
beyond 0.6 V. Gain versus control voltage for different frequencies between 13-17 shidwis

in Figure 3-7. There is an area of linear increase in gain with seiaaontrol voltage between
approximately O V and 0.3 V, but as the control voltage increases past 0.3 V thegyasride
saturate, becoming approximately constant beyond 0.6 V. The linear region rsisHéagure

3-8; this range of control voltages is used for amplitude leveling and will besdisd further
regarding feedback to the amplifier. Biasing for the amplifier belldiscussed in the section on

feedback scaling and voltage sequencing.
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Gain (dB)

TGAZ2509 Gain vs Frequency for Different Control Voltages
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Figure 3-6: TGA2509 Gain versus Frequency for Diffeent Control Voltages
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Gain (dB)

TGA2509 Gain vs Control Voltage for Different Frequencies, 13-17 GHz
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Figure 3-7: TGA2509 Gain versus Control Voltage foDifferent Frequencies, 13-17 GHz

Gain (dB)

TGA2509 Gain vs Control Voltage for Different Frequencies, 13-17 GHz
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Figure 3-8: Linear Region of TGA2509 Gain versus Qutrol Voltage, 13-17 GHz
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3.3Coupler
The coupler used in the amplitude control subsystem is the RF-Lambda RFDC2G18G30 ultra

wideband directional coupler. Key parameters of this coupler are summarizaiolen3¥2 [6].

Table 3-2: RFDC2G18G30 Parameters

Frequency Range 2-18 GHz
Power 50 W CW
VSWR 1.51

Insertion Loss 0.7 dB
Coupling 30+1.0dB
Directivity 12 dB

Measured mainline loss and coupling for the directional coupler are shown in &ig§ued
Figure 3-10, respectively. These measurements were taken in theHabneitwork analyzer.
Mainline loss through the coupler is less than 0.9 dB over the frequency rangeaftes,c
and coupling is approximately 30 dB with around 1 dB of variation. These measisemrent

within 0.2 dB of the data sheet specifications for the coupler.
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RFDC2G18G30 Mainline Loss
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Figure 3-9: RFDC2G18G30 Mainline Loss
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Figure 3-10: RFDC2G18G30 Coupling
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3.4 Attenuator

The attenuator in the amplitude control subsystem attenuates the coupled power tomasppr
level for the power detector. The signal power level at the input to the power detettosen

to be in the middle of the most linear part of the band to minimize error. Video output and error
for the HMC613LC4B power detector are shown for 14 GHz in Figure 3-11 [7]. Thatplot

14 GHz is used since it is the only provided plot in the frequency range of the Ku-bamdiRada
order to minimize errors and keep the video output as linear as possible with resmeat t

power, the center of the input signal power is chosen to be -31 dBm. Since variatiomlin sig
power is 3.3 dB over the 13-17 GHz frequency range, input power levels will range from
approximately -33 to -29 dBm. With a maximum output power of 27 dBm and coupling of

30 dB, this gives an attenuation value of 26 dB, as calculated in Equation 3-1. Aifteritethe

lab, this attenuation value was decreased to 20 dB to account for cable losses.

VIDEO OUT & Error
vs. Input Power, Fin= 14 GHz [1]

2 : : ; . 3

--------- Ideal
Logout +25C

= = | ogout+85C
————— Logout -40C
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VIDEO OUT (V)
o
(gp) HoYY3
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.| =—ERR+25C | ...t _.._] -2
. r — — ERR+85C :
----- ERR -40C

-60 -50 -40 -30 -20 -10 0 10
INPUT POWER (dBm)
Figure 3-11: HMC613LC4B Video Out and Error at 14 GHz
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A(dB) = P, (dBm) — Coupling(dB) + 29dBm = 27dBm— 30dB + 29dBm = 26dB 3-1

3.5Power Detector

The power detector used for this subsystem is the Hittite HMC613LC4BssinEeetection log
video amplifier evaluation board. Key parameters for the HMC613LC4B padetector are
summarized in Table 3-3, and a functional diagram is shown in Figure 3-12 [7]. The powe
detector is operated in single-ended mode on the evaluation board with the negative input
terminal connected to ground through a capacitor and resistor and video feedbackdilyctalire
video output. This means that the power detector output is based directly on the power of one

input signal only; no comparison of power levels is being done.

Table 3-3: HMC613LC4B Parameters

Frequency Range 0.1-20 GHz
Logging Range -54 to +5 dBm
Log Linearity +1 dBm
Output Voltage Range 1.0to 1.8V
Output Slope 14 mVv/dB
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Figure 3-12: HMC613LC4B Functional Diagram

The power detector outputs a voltage between 1.0 and 1.8 V proportional to the input power as

long as it is in the logging range. Higher input power corresponds to a higher output voltage.

Output voltage versus input power was measured in the lab by inputting measurecepelser |

to the power detector and measuring the output voltages over different frequensigs. &e

shown in Figure 3-13 for input powers between -37 and -26 dBm in the Ku-band frequency

range. Although there is variation with frequency, there is no definite tnematput voltage as

frequency increases. Figure 3-14 shows measurements of input power versus outibvettag

all frequencies with a trendline. The average output slope for these input pob&Es nsV/dB

with an offset of 1.76 V.
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Figure 3-13: HMC613LC4B Output Voltage versus InputPower, 13-17 GHz
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Figure 3-14: HMC613LC4B Output Voltage versus InputPower with Trendline, 13-17 GHz
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3.6 Feedback Scaling and Voltage Sequencing

The feedback scaling and voltage sequencing component serves two main purpdsesliwhic
be discussed in separate sections. This board scales the output of the power detelstsr, whi
linear with respect to input power, to the appropriate control voltage for the popbfier,

which is linear with respect to gain. It also provides the correct voltagersmgioe powering on

and off the power amplifier; this is required to avoid damage to the device.

3.6.1 Feedback Scaling

The feedback scaling portion of the circuit scales the linear output of the poetiodé&d the
appropriate linear control voltage for the power amplifier. This is done with oeeatitfing

amplifier and one inverting amplifier as shown in Figure 3-15.

+15 W
R1 c2
10k . c1 - Iﬂljlljl pF
1
4 REOT 1l
REF 20k Ra -
' 2K 200K
ATATAY AN
= = = R2
1k aP1 oF2
PDout B m[ . Vi adj
0
N NV */// RPOT2 >
R3 100k
1k Rs -

25k

Figure 3-15: Feedback Scaling Schematic
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Voltage reference REF1 gives a 2.5 V reference voltage over potentiddR&drl, and RPOT1
acts as an adjustable voltage divider to give a reference voltage to thendifigramplifier.
Input PQy: is the output voltage of the power detector; this is the other input to the diffeyenci

amplifier. Differencing amplifier OP1 amplifies the differenceviEsn the output of the power

detector and the reference voltage from RPOT1. The gain of OP1 is%%@y& R%sz 25,

and the output of OP125PD_, — V. ). Capacitor C2 and resistor R4 act as a filter to prevent

the control voltage from changing too rapidly. Inverting amplifier OP2 proddpsstable gain
for fine tuning of the control voltage. This circuit can be adjusted with RPOT1 ahd®that

the control voltage Vgi;is in the appropriate range.

3.6.2 Voltage Sequencing

The power amplifier requires that its bias voltages be sequenced on and offtioudgparder
to avoid damage to the device. Bias voltages to the power amplifier inckalseparate gate
voltages (Vg1 and Vg2), one drain voltage (Vd), and one control voltage (Vc). The

recommended sequencing order is given in the list below [4].

For Biasing with AGC Control:
1) Apply-1.2VtoVgland-1.2VtoVg2
2) Apply +12 V to Vvd
3) Apply +2.6 Vto Vc
4) Adjust Vgl to attain 580 mA drain current (Id)
5) Adjust Vg2 to attain 1080 mA drain current (Id)

6) Adjust Vc as needed to control gain level
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In order to attain 580 mA drain current, Vgl is adjusted to -0.3 V; to obtain 1080 mA total drain
current, Vg2 is adjusted to -0.4 V. A simplified voltage sequencing schemskiows in Figure
3-16 for the purposes of explaining the basics of the circuit. A full schematic ¢amnlokin
Appendix B. When the “IN” pin of a switch is low, the top input is connected to the output, and
when the “IN” pin is high, the bottom input is connected to the output. The “Q"” output of the

flip-flop is initially low and goes high once a high voltage is applied to the paset

g1 BW2
vl
ALV = . AN —
o L) =
LAY ——p—e W | DAY —
IM ‘ 1
REG1
-
COMP1

ARy ——t—a
. ATAnLY

12V o
EN
04y ——

4
- ZEW ke ik
) Wi
Ch
"u'll:ﬂ'ﬂ]——:'

COMP2

eV —-

FF1 Lo o]

Figure 3-16: Simplified Voltage Sequencing Schemati
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When power is first applied to the circuit, the -1.2 V switch inputs of SW1 and SW3 are
connected to the switch outputs; Vgl and Vg2 change from 0 V to -1.2 V with the RC time
constants of the resistor and capacitor pairs, satisfying Step 1 of the prevtiddpdistional

amplifier OP1 acts as a voltage follower for Vg2, keeping the gategeottonstant as the second
gate current varies. Initially, -1.1 V is applied to the positive input pin of COMPZk ©g2

becomes more negative than -1.1 V, the comparator output will go high and enable the 12 V
regulator output to Vd. This satisfies Step 2. When the 12 V output is on, 2.6 V will be applied to
SW4. Because the output of COMP2 is initially low, 2.6 V will be output to Vc, satisfyemg S

3. The Zener diodes on the Vc output protect the amplifier by keeping the control voltage i
allowable range. The 2.6 V output is amplified by OP2 in order to be seen as a higbyigna
flip-flop FF1. This signal resets the flip-flop, causing the initially Id@/™ output to go high.

This high output is input to SW1 and SW3 to switch Vg1 and Vg2 to -0.3 V and -0.4 V,
respectively. This satisfies Steps 4 and 5. In order to keep the 12 V Vd output on, the high “Q"”
output is also applied to SW2. The new Vg2 voltage of -0.4 V will then be compared to -0.2 V
instead of -1.1 V, keeping the 12 V regulator enabled. When Vg2 switcheslfidv to -0.4 V,

the output of COMP2 will go high. The high output of COMP2 is input to SW4 and causes the
adjustable control voltage discussed in the previous section to be connected to Vc. This
completes Step 6 and the turn on sequence. Table 3-4 shows the device outputs ovehegme for t

voltage sequencing schematic. Changes are highlighted in red.
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Table 3-4: Voltage Sequencing Device Outputs ovelime

Device Time —

COMP1 LOW LOW HIGH HIGH HIGH HIGH
COMP2 LOW LOW LOW LOW LOW | HIGH
FF1 LOW LOW LOW LOW HIGH HIGH
OP1 LOW LOW LOW HIGH HIGH HIGH
REG1 (/) |0V ov 12V 12V 12V 12V
SW1 (Vgl) oV -1.2VvV | -1.2V -1.2v |-03V |-03V
SW2 oV -1.1vV | -11V -1.1v |-02V |-02V
SW3 (Vg2) oV -1.2v | -1.2V -1.2v |-04V |-04V
SW4 (Vc) oV ov oV 26V 26V Vc adj

In order to keep from damaging the power amplifier when powering down, the drain witage
must be turned off before the gate voltages Vgl and Vg2. The RC time constants on the outputs
of Vgl and Vg2 keep these gate voltages on after the power is turned off in order totpeotec

amplifier. The 12 V Vd output does not have a RC circuit on its output and turns off when power

is switched off.
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CHAPTER 4: CLOSED-LOOP RESULTS

4.1 Results

The output of the subsystem was measured on a spectrum analyzer with and witbowirtthe
voltage feedback connected; a signal at 11 dBm with a 10 ms sweep from 13 to 15GHz wa
input to the power amplifier. The spectrum of the subsystem output without control voltage
feedback to the amplifier is shown in Figure 4-1 after 10 dB attenuation. The nmayjower

output is 12.68 dBm at 13.3475 GHz, shown by Marker 1, and the minimum power output is
9.35 dBm at 14.8925 GHz, shown by Marker 2. This gives a total difference between maximum
and minimum of 3.33 dB. Losses through cables, the attenuator, and the coupler total
approximately 18 dB without the amplifier in the line; the gain of the amplifieevaetween

16.35 dB and 19.68 dB.

Mkr1 13.3475 GHz
Ref 22 dBm Atten 35 dB 12.68 dBm
Peak .

Log z
T e e —
Lo rv_o\

dB/

St ot
W1 S2
S3 FC

AR
Start 12.5 GHz Stop 15.5 GHz
Res BW 3 MHz VBW 3 MHz #Sweep 25 s (401 pts)

Figure 4-1: Spectrum of Subsystem Output without Cotrol Voltage Feedback
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Figure 4-2 shows the same subsystem output spectrum with a trendline. Output fewtrdt
an average of 1.2113 dB per GHz. Maximum deviation from the linear approximation is

+1.21 dB at 14.52 GHz. Maximum deviation below the linear approximation is -1.02 dB at
13.70 GHz; this gives a total difference between positive and negative deviations@iB2.23
Without control voltage feedback, output power follows a linear approximation withioaradt

+1.21 dB.

Subsystem Output Spectrum without Control Voltage Feedback

Yy =-1.2113x + 28 261
14

12

10

Power (dBm)

0 T T T T T
12.5 13.0 13.5 14.0 14.5 15.0 15.5

Frequency (GHz)

Figure 4-2: Subsystem Output Spectrum without Contol Voltage Feedback with Trendline

With the control voltage feedback connected, the subsystem output spectrum is shigurein
4-3 after 10 dB attenuation. The maximum power output is 9.37 dBm at 13.3625 GHz, shown by
Marker 1, and the minimum power output is 7.49 dBm at 14.9975 GHz, shown by Marker 2.

This gives a total difference between maximum and minimum of 1.88 dB. Losses thabieg) c
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the attenuator, and the coupler again total approximately 18 dB without thei@mplihe line

so the gain of the amplifier varies between 14.49 dB and 16.37 dB.

Mkr1 13.3625 GHz
Ref 22 dBm Atten 35 dB 9.367 dBm
Peak
Log 1 -
10 U L S S P
dBf
Lot TR bt it g o

W1 52
S3 FC

AR
Start 12.5 GHz Stop 15.5 GHz
Res BW 3 MH:z VBW 3 MHz #Sweep 25 s (401 pis)

Figure 4-3: Subsystem Output Spectrum with ControNoltage Feedback

Figure 4-4 shows the same subsystem output spectrum with a trendline. Output with cont
voltage feedback connected falls off at approximately -0.5126 dB per Gktaniita deviation
from the linear approximation is +0.72 dB at 13.36 GHz. Maximum deviation below the linear
approximation is -0.57 dB at 13.12 GHz; this gives a total difference between pasiive
negative deviations of 1.29 dB. With control voltage feedback, output power follows a linear
approximation with variation of £0.72 dB. This is a smaller variation than without control

voltage feedback by +0.49 dB and a slower output power drop off by 0.6987 dB per GHz.
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However, maximum output power when using control voltage feedback is 3.31 dB lower than
without feedback. This is necessary since, when using feedback, output power must the backe

off to the minimum output power without the feedback.

Subsystem Output Spectrum with Control Voltage Feedback
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Figure 4-4: Subsystem Output Spectrum with ControNoltage Feedback with Trendline

Control voltage over time is shown in Figure 4-5; the top cursor is at a level of /0 thea

bottom cursor is at a level of -94 mV. When the RF chirp is off and there is no power input to the
power detector, the power detector output is 1.054 V. This lower voltage causes the control
voltage output to be much higher than when the RF chirp is on. The control voltage output is
limited to around 4.0 V by the Zener diode pair protecting the amplifier. When the fRRschi

on, the control voltage is proportional to the output power. A higher output power corresponds
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with a lower control voltage. A closer view of the control voltage during the RF shstown

in Figure 4-6; the top cursor is at a level of 181 mV, and the bottom cursor is ateaf level

-50 mV. The control voltage adjusts based on the output voltage of the power detector to back
off the gain of the amplifier by the correct amount to level the amplitude.drfteotvoltage is

lower at the beginning of the chirp since there is originally higher output powercai3 GHz

and increases towards the end of the chirp since there is originally lower outputpouvel

15 GHz.

Figure 4-5: Control Voltage over Time with Control Voltage Feedback
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Figure 4-6: Control Voltage during RF Chirp with Control Voltage Feedback

4.2 Sources of Error

The control voltage feedback loop does not level the amplitude completely. Theik are s
variations in amplitude over the frequency sweep that cannot be correctechissmgthod due
to loss through the coupler outside of the loop and linear approximations of the power detector

and control voltage. Each source of error along with its contribution will be destggparately.

4.2.1 Coupler

The coupler introduces error into the subsystem since mainline loss is not constant over
frequency and is in the transmit line but outside the feedback loop. These vamatatsut
power will not be measured by the power detector. Another error is introduceddmutiier

since coupling is not constant over frequency and is in the feedback loop but not in the transmit
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line. These variations will be measured by the power detector and affecintingl voltage even

though they do not affect the output power.

However, because both mainline loss and coupling follow similar trends over fregtrentwyo
sources of error can somewhat offset each other. For exampdadS3; both generally

decrease as frequency increases. Decreasg WwilScause there to be a lower power detected by
the power detector than there would be if the coupling was constant, which trataséategher
output power. This, to an extent, compensates for decrease Birge error is based on amount
of variation, normalized S-parameters are shown from 2 to 20 GHz in Figure 4-7 to show

similarities in trends.

Normalized S21 and S31

Normalized S-Parameter (cdB)

0 5 10 15 20 25

Frequency (GHz)

| 4 Mainline Loss lCoupIing|

Figure 4-7: Normalized Coupler S-Parameters
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Because errors due tg;&nd $; of the coupler counteract each other to some degree, the total
error from the coupler is the difference between the two S-parameters. fldrsndie is shown

in Figure 4-8. Between 13 and 15 GHz, the maximum positive error is 0.83 dB at 14.2 GHz and
the minimum positive error is 0.15 dB at 13.0 GHz. The difference between maximum and

minimum error gives the total error associated with contribution to variatior68fdB.

S21-S31
1
* *
0.8 :' - -
. *
0.6 ¢ %
— . R * 3 2 g
@ ¢ 0 % o ’? %
o 04 O F ,; %
2 ’0‘0’, . e ¢ MR
5 02 %2 3 s con ¢ * e s
. v » ot
£ IR S o* *
2 el
O * ”v‘r & \ T - T é T
' * ' 'S
& *
-0.2
0 5 10 15 20 25
Frequency (GHz)

Figure 4-8: Error due to Difference between Normalted Coupler S-Parameters

4.2.2 Power Detector

Error is introduced into the subsystem by the power detector by approximatintatioes@ip
between input power and output voltage as linear and constant over frequency.yintiealit
output voltage is not exactly linearly proportional to the input power, and the relationsbg va

slightly with frequency. In Section 3.5, the relationship between the input power god out
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voltage for the power detector was described in detail and linearly appredirkegure 4-9

shows a linear approximation for the frequency range 13 to 15 GHz. Using this app@mximat

will give an error in estimated input power for a given output voltage. Theatifferbetween

the input power estimated from the output voltage and the actual input power is shown in Figure

4-10. There

frequency. This results due to shifts in the input power to output voltage relationship over

are three distinct sections of errors; each section correspondteteat di

frequency. The most positive set of errors occurs at 14 GHz, the most nedativersars

occurs at 13 GHz, and the smallest set of errors occurs at 15 GHz. Overall, itineimax

positive erro

ris 1.25 dB and the maximum negative error is -1.06 dB. This givekartmta

range of 2.31 dB for this input power range.
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Figure 4-9: Power Detector Output Voltage versus Iput Power, 13 to 15 GHz
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Error in Estimated Input Power
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Figure 4-10: Difference between Estimated Input Poar and Actual Input Power

4.2.3 Control Voltage

Error is introduced by approximating the control voltage to gain relationship of thex pow
amplifier as linear and constant with frequency. This relationship variesreguency and is
not exactly linear. The relationship between control voltage and gain for the pompkfier was
described in Section 3.2. Figure 4-11 shows a linear approximation of the relatianghgo f
frequency range 13 to 15 GHz. These measurements were taken with an input posver to th
amplifier of 0 dBm. Using this approximation for a given control voltage inpligivi a gain
value that differs from the ideal intended gain value; these errors are pldigdria 4-12.

Again there are three distinct sections of errors; each section correspartdiffeoent
frequency. This results because of shifts in the relationship over frequérecyndst positive
errors occur at 15 GHz, the most negative errors occur at 13 GHz, and thetseabésrrors

occurs at 14 GHz. Overall, the maximum positive error is 1.10 dB and the maximativaeg
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error is -1.04 dB. This gives a total error range of 2.14 dB for control voltage &l input

power.
TGA2509 Gain vs Control Voltage, 13-15 GHz
y = 21.325x + 8.5293
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Figure 4-11: TGA2509 Gain versus Control Voltage, 3-15 GHz
Difference between Actual Gain and Intended Gain
15 GHz
)
E 14 GHz
| .
o)
=
w

13 GHz

Control Voltage (V)
Figure 4-12: TGA2509 Difference between Actual Gaiand Intended Gain
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CHAPTER 5: OPEN-LOOP DESIGN AND RESULTS

5.1 Design Overview

An open-loop system can be implemented using much of the same design asdtid¢adip
system. In the closed-loop system, there are errors associated wiblpher coower detector,
and control voltage linear approximation that can be removed by switching to an open-loop
system. A block diagram of the open-loop system is shown in Figure 5-1. The angplaower
detector are no longer used, but the feedback scaling and voltage sequencing bdareledesdi
in order to apply voltages to the TGA2509 amplifier in the correct order. Using this ddea
allows the control voltage to always be positive. The required control voltage ineeti®atk
scaling and voltage sequencing board for a given output power is measuredraquesscly and

stored to a device. In order to sync this control voltage with the RF signal, a isiggeded

TGA2509
Trigger from
Feedback RF Generator
Scaling &
Voltage
Sequencing
Control
Voltage

Figure 5-1: Open-loop Amplitude Control System
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from the RF signal generator. This open-loop system provides more pracisd than the
closed-loop system and requires fewer components; however, it relies on rmesdsitaken

under certain conditions and is susceptible to temperature variation and changaeaver ti

5.2 Measurements

Using the open-loop block diagram from Figure 5-1 and the same feedbkay aod voltage
sequencing board as in the closed-loop system, measurements are takeretpritbe control
voltage for a given input power. For each frequency point, the control voltage &ztiatk
scaling and voltage sequencing board is adjusted until the output power from dhéevgaiin
amplifier is at a given level. These measurements are recorded en5Faldbr input power of

11 dBm and output power of 21 dBm. Input power is programmed on the synthesized sweeper
and output power is read from the spectrum analyzer; however, losses throughe$i¢otabl

5.5 dB. Output power of 21 dBm is chosen since it is the lowest maximum output power over
frequency, occurring at 13.95 GHz, therefore output power at all other frecriencébe
adjusted down to meet this level.

These control voltages can be stored to a device and input to the feedback scaling gad volta
sequencing board in sync with the RF frequency sweep to level amplitude. Sinoattoé
voltages are measured directly, amplitude leveling is limited only hyacyg of the
measurements and changes over time. There are no errors introduced by lireeémagpns of
the power detector and amplifier control voltage or use of the coupler as in thelotgsed

system.
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Table 5-1: Control Voltage to Feedback Scaling antfoltage Sequencing Board for 21 dBm Output Power

Control Voltage for 21 dBm

Frequency (GHz) Output Power (V) Control Voltage to VGA (V)

13 1.353 0.097
13.05 1.353 0.097
13.1 1.353 0.097
13.15 1.352 0.121
13.2 1.352 0.121
13.25 1.352 0.121
13.3 1.351 0.139
13.35 1.351 0.139
13.4 1.351 0.139
13.45 1.351 0.139
13.5 1.350 0.162
13.55 1.350 0.162
13.6 1.352 0.121
13.65 1.351 0.139
13.7 1.349 0.179
13.75 1.350 0.162
13.8 1.351 0.139
13.85 1.351 0.139
13.9 1.353 0.097
13.95 1.352 0.121
14.0 1.349 0.179
14.05 1.349 0.179
14.1 1.351 0.139
14.15 1.351 0.139
14.2 1.351 0.139
14.25 1.350 0.162
14.3 1.348 0.202
14.35 1.348 0.202
14.4 1.351 0.139
14.45 1.351 0.139
14.5 1.348 0.202
14.55 1.346 0.244
14.6 1.347 0.220
14.65 1.346 0.245
14.7 1.346 0.245
14.75 1.344 0.286
14.8 1.344 0.286
14.85 1.347 0.220
14.9 1.340 0.368
14.95 1.324 0.699
15.0 1.341 0.352
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Summary

An amplitude leveling subsystem for FM radar is needed in order to keep theitiamser of a
chirped frequency signal constant over time. Radar components can have gaitenaiati@ts
that vary over frequency, causing there to be amplitude distortions in theitrsigsral. These
distortions degrade range sidelobe performance. The amplitude leveling sysst correct for

these amplitude distortions over a wide bandwidth to accommodate wideband radars.

A closed-loop amplitude leveling subsystem for FM radar was successfsiiyndd, built, and
tested. This closed-loop system is implemented using all analog componéduatknga
variable-gain amplifier, coupler, power detector, and a board to control voltage saguserti
feedback scaling. A small portion of the transmit power is coupled off by the congler a
detected by the power detector. The voltage output of the power detector is sddied laack
to the variable-gain amplifier to control the gain of the transmit signabuge this closed-loop

system operates with all analog components, corrections are made imeeal ti

When the transmit power of the system is tested without the closed-loop amplitdithg leve
subsystem, variation in amplitude is £1.21 dB from a linear decrease in power. €hendiéf
between absolute minimum and maximum is 3.33 dB. With the closed-loop amplitude leveling
system, variation in amplitude is £0.72 dB from a linear decrease in power. Tdremtt

between absolute minimum and maximum is 1.88 dB. This is an improvement of £0.49 dB in

amplitude variation from a linear decrease in power and an improvement of 1.45 dBranddfe
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between absolute minimum maximum. Variation in amplitude with the closed-lstansis

less than +1 dB.

Measurements were also taken for the implementation of an open-loop systesysiéns does
not use the coupler or power detector but does require a digitally controlled vohageontrol
voltage is input to the voltage sequencing and feedback scaling board and scaled tbeuse as
control voltage for the variable-gain amplifier. In order to determine the deettage from the
digital device, measurements were taken over the desired frequency raligge Was varied
until the output power of the amplifier was a given level. In order to implemenp#reloop
system the measured control voltages would need to be programmed to a depricenithsthe

transmit chirp.

6.2 Comparison

The closed-loop amplitude leveling subsystem makes corrections in reaintne therefore

able to correct over changes in temperature as well as system changesibskistem does not
need to be changed if components are added to or removed from the transmit linerHoweve
because the variable-gain amplifier must be operated in its linear regigajtha the power
amplifier must be decreased. There is also additional power loss due to the ceaptam loss.

There are many sources of error in this system that keep it from iteadling amplitude.

The open-loop amplitude leveling subsystem has the advantage of programmable control
voltage. The control voltage can be adjusted and tuned so that the transmit power csdsesel a

frequency. It uses fewer components since the coupler and power detector ageenadeded,
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and power does not have to be backed down to operate in the linear region of control voltage
versus amplifier gain. Also, since the coupler is not used, there is not addednrissgiin the
transmit line. However, the open-loop system is very susceptible to changerevantd
temperature. Without any automatic calibration, new measurements of contagevalust be
taken every time a component is added to or removed from the transmitter that need to be
corrected for. The digital control voltage must then be carefully syncedheitinelquency chirp

so that control voltage lines up properly with frequency.

The closed-loop system offers real time corrections with a greatdranwwhcomponents and
many sources of error. The open-loop system offers more direct control and tutnagoftrol
voltage and could also be used for windowing. However, it does not correct in reahdinse a

susceptible to changes over time and temperature.

6.3 Recommended Future Work

In order to improve the closed-loop system, voltage sequencing could be implemiémted w
timed digital controls if available. The feedback scaling could be done usingaamtroller
programmed with the specific transfer functions of the power detector and eagabl

amplifier over frequency. This would eliminate errors due to linear apprtrimseof these
devices. This could be done as long as the delay through the controller was small @nough t
make real time corrections. The closed-loop system could be expanded to coneftedtons

from the antenna using two power detectors and a bidirectional coupler.
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The open-loop system voltage sequencing could also be implemented with timadcdigitols.

The voltage sequencing and feedback scaling board would then no longer be needed, and
programmed control voltages could be input directly to the variable-gain amplifier. Thi
improved system would require the least amount of components but the greatest amount of
digital control. The open-loop system could also be expanded to incorporate windowing, and a
system to automatically calibrate the control voltage could be createdeatthack from the

output.
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APPENDIX A: TGA2509 CONSTRUCTION INFORMATION

Construction of the TriQuint TGA2509 amplifier unit is based off of the TGA2509 evaluation
board from TriQuint and information provided from TriQuint engineers. The circuitidoathe
amplifier is laid out in Altium Designer 6.8 with pad dimensions based on board drawings
provided by TriQuint. The layout is shown in Figure A-1 with purple representing gats
representing traces, blue representing the bottom ground plane, and pink reprdsenting t
mechanical layer. Two of these boards are required for each amplifier. Gosrsacew into the
holes on the top of the figure, and amplifier pins solder to the pads at the bottom center of the
figure. Components are placed on the boards according to Figure A-2; although thehayout

in this figure is not identical to Figure A-1, pads exist for all components.ceuriaunt header

pins are used for Vg1, Vg2, Vd, and Vc connectors with 33 uF capacitors on the Vg1, Vg2, and

Vd inputs.

Figure A-1: Printed Circuit Board Layout for TGA250 9
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Typical Evaluation Board Layout
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the amplifier unit is Tiga Silver 920H.
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Figure A-2: Typical Evaluation Board Layout [4]

The RF connectors used are Southwest Microwave Super SMA end launch conneatonsilvit
pins. The drawing provided by TriQuint for the amplifier base plate is showiguneFA-3, and

the heat sinks used are Vantec FCE-6040Y heat sinks. The silver epoxy used intcamstruc



TGA2509-FL Carrier Plate
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Figure A-3: TGA2509 Base Plate Drawing [8]
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The following steps are taken to construct a completed amplifier:

1)

2)

3)

4)

5)

6)

7

8)

Solder resistors, capacitors, and testpoints to amplifier printed circudsboar

Apply heat sink paste to the back of a TGA2509 amplifier and attach it to the base plate
using two lock washers and two 2-56 1/8 inch screws

Apply silver epoxy to bottoms of printed circuit boards and solder all pins of the mounted
TGA2509 amplifier to the boards

Attach Southwest Microwave connectors, centering the connector centenghnes

traces

Apply heat sink paste to the back of the base plate and attach it to the large heigink us
four lock washers and four 4-40 1/2 inch screws

Add labels for Vg1, Vg2, Vd, and Vc

Solder 33 uF electrolytic capacitors to Vg1, Vg2, and Vd input pins

Solder twisted wire to input pins and cover connections with heat shrink
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APPENDIX B: SCHEMATICS AND BOARD LAYOUTS
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Figure B-1: Feedback Scaling and Voltage Sequencirg@chematic, Side 1
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Figure B-2: Feedback Scaling and Voltage Sequencirgchematic, Side 2
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Figure B-3: Feedback Scaling and Voltage Sequenci@pard Layout, Top Layer
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Table B-1: Bill of Materials for Feedback Scaling ad Voltage Sequencing Board

Designator Component Manufacturer Part Number
COMP1, COMP2 Comparator Texas Instruments LM311D
FF1 Flip-Flop ON Semiconductor MC14013BDR2G
OP1, OP2 Quad Op Amp STMicroelectronics LM324DT
REF1, REF2, REF3, REF4 10V Reference National Semdigctor LM4040CIM3X-10
REF7 2.5V Reference National Semiconductor LM404A0&P.5
REG1 LDO 12V Regulator Sharp Microelectronics PQD2RIO0H
RPOT1, RPOT4 10k Potentiometer Copal Electronics In STS5ETW103
RPOT2, RPOT3 2k Potentiometer Copal Electronics Inc ST5ETW?202
RPOTS8 100k Potentiometer Copal Electronics Inc SR04
RPOT9 20k Potentiometer Copal Electronics Inc STBRU3
S1, S2, S3, S4 CMOS Analog Switch Maxim MAX4659ESA+
Z1 3.9V Zener Diode Diodes Inc MMBZ5228B-7-F
Z2 2.4V Zener Diode Diodes Inc MMBZz5221B-7-F

All resistors and capacitors use a 0805 footprint and the values shown in the schematic
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APPENDIX C: MATLAB CODE

MATLAB Code for Section 2.2 Simulations:

%Heather Owen
%Distortion Examples

clear;
clc;
% close all;

dt=1e-11;
t=0:dt:240e-6;

%rect

%A1=1;

%ripple
%A1=1+0.3*sin(2*pi*100e3.*t);
%linear
A1=1000-700/(240e-6).*t;
delayl=1e-5;

f1=13e9;

f2=15e9;

tau=240e-6;
k=(f2-f1)./tau;

%waveforms
s1=Al.*sin(2.*pi.*(f1.*t+k./2.*t.72));
slz=[zeros(1,1000) s1 zeros(1,1000)];

%iffts

Nfft=2725;
S17=20*log10(abs(fft(s1z,Nfft)));
S1Z=S1Z-max(S1Z2);
f=1/dt*(0:Nfft/2)/Nfft;

%plots

figure(1);

plot(f*1e-9,S1Z(1:1+Nfft/2))
xlabel('Frequency (GHz)");
ylabel('Normalized Chirp Spectrum (dB)’)
axis([12 16 -20 0));

%processing
sl _delay=A1.*sin(2.*pi.*(f1.*(t-delayl)+k./2.*(t-delayl).”2));
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slz delay=[zeros(1,1000) s1_delay zeros(1,1000)];
fbeatl=slz.*slz_delay;

Nfft=2/25;

FBEAT1=20*log10(abs(fft(fbeatl,Nfft)));
FBEAT1=FBEAT1-max(FBEAT1);
f1d=1/dt*(0:Nfft/2)/Nfft;

figure(2);

plot(fld*1e-6,FBEAT1(1:1+Nfft/2),'b")
xlabel('Frequency (MHz)");

ylabel('Normalized Beat Frequency Spectrum (dB)")
axis([10 200 -100 Q));

hold off;

figure(3);

plot(fld*1le-6,FBEAT1(1:1+Nfft/2),'b")
xlabel('Frequency (MHz)");

ylabel('Normalized Beat Frequency Spectrum (dB)")
axis([83 83.7 -50 0]);

hold off;
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