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ABSTRACT

Many electronic applications require their input signal to be of constant amplitude. Especially, in
communication systems, the transmitted signal may be faded and the amplitude of the received
signal may be below the desired level due to multi-path fading and different positions. This thesis
work solves problems of inconsistent amplitude signal arrival at receiving sides of electronic
systems. Automatic Gain Control (AGC) circuits are mainly used in such applications to adjust
the gain of a Variable Gain Amplifier (VGA) and to provide relatively constant amplitude signal

to the receivers.

This work makes use of multi-stage amplification circuits to increase the dynamic range of the
AGC. Three amplification stages are designed which increased the gain from 21 dB in single stage
to 63 dB in three stages. Due to their flexibility better than ASICs as well as high performance
speed and better power efficiency than microcontrollers, FPGAs are preferred in modern high
speed technologies. Consequently, this thesis work used FPGAS to generate control voltages to
adjust the gain of VGAs in the multistage amplification circuit. The designed AGC employs both
feedback and feedforward loops to optimize the settling time. Feedback loop is used in input stage
and feedforward loop is used in intermediate and output stages. When the amplitude level of the
input signal diverges from the desired level, the FPGA generates a control voltage that adjusts the
gain of the VGA and the result is an output signal with consistent amplitude level. A reference
input of 25 mVpeak is considered and the AGC circuit is tested with input signals of amplitude
below and above the chosen reference value. For all tested inputs a constant amplitude signal of
87 mVpeak is achieved.

Key-words: AGC, FPGA, VGA, feedback, feedforward, multistage, amplification
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CHAPTER 1: INTRODUCTION
1.1 BACKGROUND

Automatic Gain Control (AGC) circuits are used to adjust the gain, thereby providing relatively
constant output amplitude so that circuits following the AGC require less dynamic range. They are
usually employed in systems where the amplitude of an incoming signal varies over a wide
dynamic range. The application domain of such systems is growing very rapidly from sensor
interfaces to charge-coupled devices (CCD)/CMOS imagers, wire or wireless communications,
disk drive read channels, medical, and multimedia systems, to name a few. Especially in the
wireless communications, the signal strength level will be different due to the multi-path fading
and different positions. The AGC is therefore used to adjust the received signal to a rated strength
level [1].

As discussed in [2], AGCs can be implemented using feedback loop or feedforward loop. The
input signal Vn is amplified by a variable gain amplifier (VGA), whose gain is controlled by a
signal Vc. In order to adjust the gain of the VGA to its optimal output level Vour, the AGC
generally, first detects the strength level of the signal using the peak detector; it then compares this
level with a reference voltage Vrer and finally, it filters and generates the required control voltage.
This function can be performed by detecting the signal at the output of the VGA, so the architecture
is called “feedback” AGC ( Figure 1.1a), or at the input, in which case it is identified as
“feedforward” AGC (Figure 1.1b).

Vour Viv Vour

k4 w

+ Detector Detector >

Comp

e
Ref

FIGURE 1.1: SIMPLIFIED BLOCK DIAGRAM OF FEEDBACK (A) AND FEEDFORWARD (B) AGCS
In addition to their linearity, feedback AGCs provide the level detector with less dynamic range
but their settling time is slow, whereas feedforawrd AGCs have fast settling time. However, the

level detector might be unmasked to high dynamic range of the input signal and the loop requires
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higher linearity, since the feedback loop inherent linearity is now absent. Therefore, feedforward
AGCs are difficult to realize due to high dynamic range requirement of the level detector circuit.
Modern devices like WLAN receivers require fast-settling time as discussed in [3] and [4];
therefore, feedforward AGCs became preferable to conventional feedback AGCs in modern
technologies which demand fast response.

In the past, AGC was being implemented fully in analog way as in Figure 1.2 below [5]. Later on,
to obtain the advantages of digital over analog systems, engineers also implemented it digitally as

presented in [6].

v Variable 4 v,
—_— gain Amplifier
amplifier
J
Ve
Detector
Difference Low-pass
amplifier filter A

Vr
FIGURE 1.2: CONVENTIONAL ANALOG AGC BLOCK DIAGRAM
This thesis work used FPGAs to continuously generate control signals that adjust the gains of the
amplifiers in order to tune the amplitude of the signal of interest to the desired (reference) level.
FPGAs have better flexibility than ASICs as well as low power consumption and better

performance speed than microprocessors [7].
1.2 PROBLEM STATEMENT

Many applications require the received signal to be of relatively constant amplitude. In disc drive
reading systems, if they read varying amplitude signal, the person hearing may hear uneven
sounds; in communication systems, the transmitted signal may be faded and the received signal
will be below the desired level; in imaging devices, i.e. scanners, if the received signal from the
scanning component is of inconsistent amplitude, the resulting image will be distorted, etc. This
thesis work solves such inconsistencies in signal arrival at receiving sides of electronic systems by

designing fast and flexible AGC.
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1.3 OBJECTIVES

1.3.1 GENERAL OBIECTIVE
To design an Automatic Gain Control (AGC) circuit for multistage amplification so that circuits
following the AGC get constant amplitude signal.

1.3.2 SPecIFiC OBJECTIVES

e To design FPGA based AGC to make the AGC flexible, fast and power efficient
e To use both feedback and feedforward loop mechanisms to optimize the settling time

e To use multistage amplification to increase the dynamic range of the gain
1.4 SCOPE OF THE STUDY

Based on available resources and limited time frame, the scope of this thesis is limited to the
following work.

e Design and cascade three basic VGA stages from MOSFET differential pair

e Develop a VHDL code that generates three control voltages for each VGA stage

e Construct embedded analog-digital AGC system from 3-stage VGA and an FPGA

e Software simulation and hardware implementation is done for the designed AGC circuit.
1.5 SIGNIFICANCE OF THE STUDY
The final outcome of this study is embedded FPGA based AGC circuit for three amplification

stages. This AGC circuit is used to settle the variation in amplitude at input side of electronic
systems and then provide them with constant amplitude signal. The design in this thesis work can
be applied in areas which require arrival of constant amplitude signal at the receiver side; specially,

in communication systems where the transmitted signal may be faded.
1.6 THESIS OUTLINE
This paper is organized in such a way that the first chapter introduces about AGCs and FPGAs,

second chapter reviews the literature, third chapter discusses detailed design of the work, fourth
chapter about materials used and the methodology applied for the design, fifth chapter discusses
simulation and hardware implementation results, and the sixth chapter presents the
recommendation for future works. The VHDL code that generates control voltages, Vcl, Vc2 and

Vc3 is also placed in appendix.
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CHAPTER 2: LITERATURE REVIEW

AGC was implemented in first radios for the reason of fading propagation (defined as slow
variations in the amplitude of the received signals) which required continuing adjustments in the
receiver’s gain in order to maintain a relative constant output signal. Such situation led to the
design of circuits, whose primary ideal function was to maintain a constant signal level at the
output, regardless of the signal’s variations at the input of the system [5]. This section assesses
related and up-to-date works on design of AGCs. It is included as part of the thesis work to review
previous and related works as well as to identify the gaps.

The idea behind an automatic gain control (AGC) circuit laid on design of variable gain amplifier
(VGA) and control signal generating circuit. Many electrical and electronic engineers and
researchers has focused on the efficient design of variable gain amplifiers (VGAs) which are
basically applicable in design of AGC. Liu Hang, [8] designed a VGA in CMOS technology in
partial fulfillment of his PhD. He proposed the idea of cell based approach to increase the dynamic
range to desired level while designing VGAs.

The control signal generating circuit can be analog as in [1] or digital as in [6] and [9].
Implementing the gain adjust circuit in digital way provides the advantage of flexibility and
computation accuracy. James R. Giebel, [6] under US patent number: 6,073,848 invented digital
automatic gain control for multi-stage amplification circuits and he proposed implementation of
the gain adjust circuit in digital state machine, i.e ASIC or microprocessor.

The gain adjust circuit can adjust the gain of the VGA either in feedback as in [1] and [6], or
feedforward loops as in [3] and [4]. Feedback AGCs are linear and provide the peak detector with
less dynamic range; however, they have relatively slow settling/response time; whereas,
feedforward AGCs have fast settling time at the cost of providing the peak detector with high
dynamic range [2].

AGC can be designed and applied for specific applications. They can be used in WLAN, LAN and
Bluetooth receivers as elaborated in [1], [3], [9], [10], and [11]. They can also be used in software
defined radios as discussed in [12] and [13]. AGC is also essential in Global Navigation Satellite
System (GNSS) receivers, like GPS receivers due to the complicated application environment,
such as indoor circumstance, temperature variation, and radio frequency interference (RFI) as

discussed by Jin Gang et al [14].
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X. Chen and Min Du, [15] designed an AGC for multi-channel electrochemical detection system
which provides fast electrochemical data acquisition system by amplifying and adjusting the
amplitude signal acquired from detection of the very low quantities, like DNA and RNA. As they
discussed in their paper, electrochemical approaches offer an attractive detection modality and
play a significant role in biomedical analysis, industrial quality control and environmental analysis.
Erick Salas and Pablo Alvarado, [16] also designed an AGC in an application for environmental
protection which detects audio signals from like chainsaws and guns, thereby preventing the forest
by informing the concerned legal body.

Out of the aforementioned related works, the AGC design proposed by James R. Giebel, [6] is
more close to this thesis work in many ways; however, the technology used to design the VGA,
i.e MOS or BJT is not specified. This thesis work used MOS differential pair to design the VGA
due to its capability to remove common mode noise signals and better coupling capability. Besides,
due to separation of the gate from substrate by SiO2 acting as insulator, MOSFETSs have less power
dissipation than BJTs. In addition, this thesis work differs from the works stated above in such a
way that both feedback and feedforward loops are employed to design the AGC to optimize the
response/settling time. Moreover, the gain adjust circuit is digital and is implemented in FPGA for
better flexibility than ASICs as well as less power consumption and better performance speed than

microcontrollers/microprocessors.
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CHAPTER 3: SYSTEM DESIGN AND DESCRIPTION

The general block diagram representation of the designed FPGA based AGC circuit for three
amplification stages is shown in Figure 3.1 below. At the top is variable Gain Amplifier (VGA)
whose gain can be varied by control signal V¢ to deliver a signal with desired amplitude level.
To reject noise and for better coupling in multistage amplification, a differential amplifier is
used for design of the VGA. The output from each stage VGA is differential ac signal swinging
on dc output signal. To remove the common mode dc voltage and measure only the differential
ac output on each stage and to amplify it for readability of small signal values, an
instrumentation amplifier is used. In order to generate a control signal that adjusts the gain of
the VGA, it is necessary to detect the peak values of the signal amplitude at each stage. For
this purpose, a peak detector circuit is designed and used which takes output of each
instrumentation amplifier and outputs the peak values. The output at the peak detector circuit
is a peak dc voltage which will be converted to digital equivalent using Analog to Digital
Converter (ADC) circuit in the FPGA. Comparing the detected peak value with the desired
reference value, the FPGA computes and generates a control signal that adjusts the gain of the
related VGA. Since the control signal generated by the FPGA is digital, it will be converted to
equivalent analog value by Digital to Analog Converter (DAC). Finally, the output of the DAC
is fed to VGASs to adjust over all multistage gain.

Both feedback and feedforward topologies of closed loop are used. As discussed in [2],
feedback loop has the advantage of better linearity and since the peak detector circuit senses
at the output, it is not exposed to high dynamic range signals. However, since the amplitude
level of the signal is being detected at the output after it passes the amplifier, and feeds it back
to the input, it has a delay which results in slow settling time. Feedforward loop has the
advantage of fast settling time because it senses the amplitude level at the input before it passes
the amplifier and feeds it forward which minimizes delay effect of the amplifier on the settling
time. However, it lacks linearity and exposes the level detector to high dynamic range. The
first stage is highly probable and the remaining middle and output stages are less probable to
be exposed to high dynamic range signal. To utilize the strong sides of both loops, feedback
loop is used at input stage and feedforward loop at the middle and output stages which results

in optimum settling time as well as realizable design.
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The process of gain adjustment using feedback and feedforward loops is as follows:

Stpel: feedback loop

a) Initially, the circuit starts sensing at the last stage, if there is variation as compared to the
reference value, it generates control signal VVcl and feeds it back to first stage VGA.

b) If the gain cannot be adjusted by gain range of first stage VGA, the AGC tries to adjust the
amplitude level up to the possible level it can, and continues to step2.

Step?2: feedforward loop at stage two VGA

a. The AGC circuit checks if there is a variation from the desired amplitude level at output of
first stage VGA (input of second stage VGA). If there is, it generates control signal Vc2
and feeds it forward to second stage VGA.

b. If the gain cannot be adjusted by gain range of second stage VGA, the AGC tries to adjust
the amplitude level up to the possible level it can, and continues to step3.

Step3: feedforward loop at stage three VGA

a. The AGC circuit checks if there is a variation from the desired amplitude level at output of
second stage VGA (input of third stage VGA). If there is, it generates control signal V3
and feeds it forward to third stage VGA.

b. If the gain cannot be adjusted by gain range of third stage VGA, the AGC tries to adjust
the amplitude level up to the possible level it can, and loops to step1.

The whole computation of the required gain adjustment, and generation of control voltage for
adjusting the gain is done in one clock cycle of the FPGA for each of the above steps. In the
subsequent topics, basic building blocks and components that are used in the design are explored
and discussed.

3.1 VARIABLE GAIN AMPLIFIER DESIGN

Variable Gain Amplifiers (VGASs) find application in systems where the signal amplitude may
experience large variations and hence requires inverse changes in the gain. Since the objective of
this MSc thesis research is to design an automatic gain control circuit to deliver constant amplitude
signal to circuits that require constant amplitude signal, VGAs have vital role in the AGC circuit
design. Applicable VGA can be designed using MOS differential pair as shown in Figure 3.2 below.
[17].

Page | 8



VDD

B
Aty
Ay

B

=
o

4{ e o
— —
Va2 @ Vdi2
. |, M3
Vem — o
T — j— Y
-0

FIGURE 3.2: VARIABLE GAIN AMPLIFIER
MOSFETs M1 and M2 act as derivers of the basic differential pair while M3 acts as biasing

current source whose current can be varied by the control gate voltage Vc. Rpis a load resistor
whose first terminal is connected to drain of MOSFETs M1 or M2, and second terminal
connected to biasing voltage Vpp. Vcm is @ common mode dc biasing at the gates of M1 and
M2.

Since the VGA is designed from MOS differential pair, no need of coupling capacitors for
multistage amplification. The output of each differential pair in each stage is fed to the
instrumentation amplifier which then removes the common mode dc signal and amplifies the
differential ac signal. The OPAMPs in the instrumentation amplifier has limited input and
output voltage range, for example uA741 OPAMP has = 15V and £ 10V input and output
voltage ranges respectively. Consequently, Vcm must not be too positive and too negative. If
source of M3 is connected to ground, Vcm will be too positive and when it is amplified, it may
go beyond input range of the OPAMP.

Since Ves>V1n, to decrease |Vg|=|Vcm|, negative bias Vss=-Vpp can be applied at the source

of M3. By applying Vpp and Vss, not only minimizes [Vcm| but also increases the output
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voltage swing which means increasing the gain range. The modified VGA circuit based on the

aforementioned discussion and analysis is shown in Figure 3.3 below.

VDD= 5V
ED § ED
2
Vo1 | 02
M1, | [ M2
4{ » - }_
— —
Va2 @ Vdi2
|_[r-.|3
Vom — .
1 — j—‘_ Ve
1 | 1

FIGURE 3.3: DESIGNED VGA WITH APPROPRIATE DC BIASING
For the above designed VGA, the following components and values are selected:

+ The input frequency f= 1KHz

+ Vpp=3V, and Vss=-3V. Vpp=5V and Vss=-5V is not selected as this makes the control voltage
Vc<0 which creates complexity for unsigned arithmetic operations in the FPGA.

+ IRF840 NMOS. Because it is available in the lab

Using the above components, the VGA will be as follows:
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FIGURE 3.4: VGA USING CHOSEN COMPONENTS

The parameters of IRF840 power MOSFET, i.e threshold voltage Vtn and conduction
parameter Kn:%UnCox¥ are determined as follows.

They can be determined by plotting the drain to source current, Ips versus gate to source voltage
Vs graph and taking two points/values to determine the two parameters. To ensure that the
MOSFET is in saturation, the drain to source voltage Vps>Ves-Vn, One connects the get and

drain so that Vps=Vgss as shown below.

.| ¥EESVEE
- M Wde —
IRFE4D T
—
"0

FIGURE 3.5 CIRCUIT FOR DETERMINING IRF840 PARAMETERS

Ips versus Vs graph is plotted in PSPICE using DC sweep analysis with Vgs as parameter

varying from 2 to 5 volts as shown. Since the datasheet specifies the threshold voltage V1n
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for IRF840 is between 2 and 4 volts, VGS variation in DC sweep analysis is made to start at

2.

U_UGs

FIGURE 3.6: Ips VS Vs GRAPH FOR IRF840 POWER MOSFET

The following values of Vgs and Ips in Table 3.1 are extracted from the above graph:

TABLE 3.1: SELECTED POINTS FROM IDS VS VGS GRAPH

3.50 4.8 4.50

Vs 4V 4.5V

Ips 73.27mA 1.2908
The drain to source current Ips for saturation region is given by:
IDSTIKIN(VGS-VT) ottt st sesstssss s s st sesstsssssnssas s s s st sssssssssens 3.1

Where Vv is the threshold voltage and Kn:%unCox¥ is the conduction parameter.

Accordingly, for two selected drain currents Ips: and Ipsz as in Table 3.1 above:

Ips1=Kn(Ves1-V1n)?
Ips2=Kn(Ves2-VTn)?

Combining above two equations:

(1051)_ VGS1-VTN
IDs2’ VGS2-VTN

73.27mA 4—-VTN
V(5008

1.2908 7~ 45-VTN

Then the threshold voltage V1 for the selected MOSFET (IRF840) will be:

V1n=3.8439V




The conduction parameter K, is found by substituting the threshold voltage into one of the above

equations as follows:

IDS1 _ 73.27mA
(VGS1-VTN)2 (4—3.8439)2

_ _ A
Kn= _3'00696

The single-ended voltage gain, Av in terms of control voltage, V¢ is derived as follows,
Voltage gain for the right half circuit of the differential amplifier in Figure 3.4 above is given by:
AVTOMRD ottt ettt nens 3.2

The drain to source current, Ips is also expressed as in equation 3.1 above:

Ips=Kn(Vas2-VTn)?

The trans conductance parameter, gm is expressed as:

gn=a = 2Kn(Ves-VTN) = 2KnV(32)

O Z2V(KNIDS) e evvveneerrreeerrrneeeerereeeerraeeeeerrnneeesssneeesssneesssnnnnes 3.3

Combining equations 3.2 and 3.3, the single-ended voltage gain, Av of the differential amplifier
is:

AVE2RDV(KNIDS) vveeeeeeeeeeneannrreeeeeeeessssnnrrreeeessssssssnnsseeeeesiaeees 3.4

Expressed in terms of MOSFET 2 drain current, equation 3.4 will be:
AVZZRD\/(Kn Ips2)

But, Ipsi=Ips2=Ips3/2; therefore,
IDS3

)

Substituting for Ipss, the voltage gain will be:

Av=RoV(2Kn * Kn(Ves3-Vn?) =Rp*Kn (Vess-Vn) V2

Av=RD*Kn (VC-VSS-VTNIVZ .o 35

The range of control voltage, V¢ and the common mode input voltage VVcm are found as follows:

Av=2RpV(Kn

a) Control voltage, V¢ range and selection

The maximum control voltage Vc(max) is determined from the maximum current that is chosen at
M3. Assume the maximum drain to source current of M3, Ips3(max)=2A and using equation 3.1
above:

Ipss(Max)=Kn(Ves3(mMax)-Vn)?

Substituting the above determined values for Knand Vn:

2=3.0069(Vas3(max)-3.8439)?, => Vas3(max)=4.6595.

Ves3(max)=Veamax)-Vs3

But from the differential amplifier circuit in Figure 3.4 above:
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Ve3=Vc and Vs3=Vss; substituting this:

Ves3(max)=Vc(max)-Vss, => Vc(max)= Vess(max) + Vss=4.6595 — 3=1.6595

The minimum value of control voltage, V¢ is determined from the threshold voltage, i.e. the gate
to source voltage of M3, Vgsz>V1n.

Vess>V1N

VG3-Vs3 > V1N

Vc-Vss> VN

Vc> Vin+ Vss

V¢>3.8439-3 =>V¢>0.8439

0.8439 <Vc<1.6595

b) Selecting drain resistance, Rp

Nearly at the mid value of V¢, the gain is required to be unity so that the VGA can increase (when

Av>1) or decrease (when Av<1) the amplitude level of incoming signals.

Vo(mid)=0.8439 + S22 1 25

From equation 3.5 above:

AV=Rp*K, (Vc-Vss-Vn)V2

1= Rp*3.0069(1.25+3-3.8439)\2

Rp=0.6

The nearest integer resistor value is, Rpo=1Q

Substituting this value of Rp and the other parameters in equation 3.5:
Av= 1*3.0069(Vc + 3 — 3.8439)\2

AV=4.2524(VC-0.8439) «iuininininiiiiiiiniiiiiniieieiesesesesnsasasasasasasasasnsssssnss 3.6
¢) Input common mode voltage, Vcm range and selection:

The minimum common mode voltage is determined such that transistor M3 should not leave
saturation, i.e. the dain to source voltage of M3 should be, Vpss>Ves3-V1n.

Using KVL in Figure 3.4:

Vem(min)-Ves1-Vpsatz-Vss=0

Vemming= Vest + Vosaz + Vss, where Vpsa is the saturation drain to source voltage for MOSFET

3 and given by Vpsaz=Vas3-VTn.
Fixing the maximum drain current of transistor 3 to 2A, |D51:|D82:$:1A.
Ipss(Max)=Kn(Vas3(mMax)-Vn)?

Page | 14



Substituting the above determined values for Knand Vn:
2=3.0069(Vas3(max)-3.8439)?, => Vgs3(max)=4.6595.
Vbsatz=Ves3-VTn=4.6595-3.8439= 0.8156

_IDS3_ )
|DSl—T— Kn(Vas1-VTn)

Similarly, using the determined values for K, and Vn:

1=3.0069(Vs1-3.8439)? => Vs1=4.4206.

Using the determined values of Vs1 and Vpsat3, the minimum common mode voltage, Vemmin) Will
be:

Vem(miny= Vest + Vpsas + Vss=4.4206 + 0.8156 -3=2.2362

The maximum value of Vcm is determined such that transistor M1 should not leave saturation, i.e.
the drain to source voltage for transistor 1 should be, Vbs1>Ves1-Vtn and using KVL in Figure 3.4
above:

Vem(max) - Vst + Vpsatt + IpsiRp — Vpp=0

Vem(max) = Vst - Vpsatt - IbsiRp + Vb

The saturation drain to source voltage for transistor 1 is, Vpsati= Vesi-Vin=4.4206-
3.8439=0.5767. Using the determined values of drain resistance Rp and Vpsat::

Vemmax=4.4206 - 0.5767 - 1*1 + 3 = 5.8439; therefore, the range of Vem is,

2.2362<Vcm <5.8439

For maximum differential output voltage swing, the common mode input voltage Vcm should be
selected in the mid value of range of Vcm above. Accordingly, Vem=4 V is selected for design.
Since the amplifier circuit is multistage and so output of one stage is input to the next, the minimum
output voltage of each stage should be same as the minimum common mode input voltage, Vcm,
i.e. Vo(min)=Vcm(min)=2.2362.

The minimum output voltage Vominy is also occurred when Ips is maximum because Vo=Vpp -
IpsRp.

Accordingly, Vol(min)= Vpp -lpsimaxRp=3-Ips1(max)*1

IDS3(max)

2.2362=3-Ipsi(mag=3-

IDs3(max)=1.5
But, Ipssmaxy=Kn(Vessmaxy - V= Kn(Vesmay-Vs- VIN? = Kn(Vemax-Vss-  VIn)?
=3.0069(V¢(max) + 3 -3.8439)2 =1.5. Then,
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Vemax) = 1.55; consequently, range of the control voltage calculated in part (a) above is adjusted
to the following value:

0.8439 < Vc< 1.55, out of this range, the following range of Vc is selected for design:
0.9<Ve<15

Simulating the VGA circuit in Figure 3.4 above in ORCAD PSPICE with the selected values and
parameters, the following Table 3.2 is obtained. The test input to the VGA is 20mVpeak differential
input voltage swinging on 4 VV common mode input voltage as shown in Figure 3.7 below:

Table 3.2: Comparison of calculated and simulated values of VGA output

Ve (V)  Av=4.2524(Vc-0.8439) [Vop-p(calculated) |Vop-p(simulated) | Difference(error)
(mV) (mV) (mV)
0.9 0.2386 9.54 7.75 1.79
1.0 0.6638 26.55 26.72 0.17
1.1 1.0890 43.56 44.52 0.96
1.2 1.5143 60.57 61.58 1.01
1.3 1.9395 77.58 77.9 0.32
1.4 2.3648 94.59 94.16 0.43
1.5 2.7900 111.60 109.71 1.89
VoD oD
T v |
31.-'-:5—;'— % R Rz
T
e — y =
Woc— 0
R — ¥ i —
_1- _ :} RFe40 iRFEs Ej _
= VAl EL==§2-:I|-.-<1§5 VAL = 20m
FREQ =1k ‘o FREQ = 1k

BC = BC =

.| Vomi T — _
4 Ve —— IRFE4D L] ¥el
12 T
=L 2 .
0 VES =0

FIGURE 3.7: VGA WITH ITS VALUES AND BIASING SELECTED
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As it can be observed from Table 3.2 above, the peak to peak differential output calculated and
simulated are equivalent with a difference of small values occurred due to approximation when
gain and parameters are calculated.

The range of control voltage Vc as determined above is, 0.9 < V¢ < 1.5. This has 20log
(2.79/0.2386) =21dB gain range which shows the designed VGA is functioning well. Three such
amplification stages are cascaded to increase the gain range to 3*21dB=63dB as shown in Figure
3.8 below.
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FIGURE 3.8: 3-TAGE VGA
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At the end of the multistage amplifier, buffer (unity gain, high input impedance and low output
impedance amplifier) is required so that it can derive low impedance load. As discussed in [18],
the source follower exhibits a very high input impedance and a relatively low output impedance,
thereby providing good buffering capability.

Voo
Vino—l[L M,
Input Applied/ Vout
to Gate Ry \ Output Sensed

= at Source

FIGURE 3.9: SOURCE FOLLOWER

i %
. ro
Vin fE VS @,gmvgs
=0

1

WVout

0

FIGURE 3.10: SMALL SIGNAL EQUIVALENT OF SOURCE FOLLOWER

+ 1
Vin vgs MV S o
.

1 -
: {L_y replace with

thevenin equivalent
Vout

jRLf Jro

n

FIGURE 3.11: REPLACE THE NETWORK ABOVE VOUT WITH THEVENIN EQUIVALENT
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gmvgs

/r —_ Rih=w/ix

FIGURE 3.12: THEVENIN RESISTANCE, RTH DETERMINATION
Using KCL, -ix - gmVgs=0

-ix + OmVx=0

Rth:Vx/ix: 1/gm

2

VS gmvVgS

J_: _

1.T‘L'.h

FIGURE 3.13: CIRCUIT TO FIND THEVENIN VOLTAGE, VTH
From KCL, nggs:O :>Vgs:0.

Vin-Vthn=Vgs=0 => Vin=Vin

Vout

1/gm
"'\l'"\l'"-‘- -
n Gg EL//ro
1

FIGURE 3.14:SIMPLIFIED SOURCE FOLLOWER CIRCUIT

Next, the gain and output resistance of the source follower circuit from Figure 3.14 will be obtained.

. Vout Vout-Vin _
Applying KCL, RL//ro Tgm Deeeeeiiiiiiietietieiiierterteteraereraeeaeaas 3.7

Solving 3.9 for the voltage gain Av, equation 3.10 below is obtained.

Av:VO,ut = IIRLIIT0) o eeeeeeeeereeeteeetreetasessatesseessee st eeatasatasaes 3.8
Vin 1+gm(RL//ro)

From equation 3.10, if RL//ro is >>1, then Av~=1 which has unity gain as buffer.
The output impedance, Zo is found by turning off independent sources, i.e Vin=0.
ZO=RUN0/LIGM = 1/@meecenireiieeneeniensescsesnssasesssssnssasssssssnssnssssssssssnssnes 3.9
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From equation 3.9, Zo is small as required, i.e the circuit can derive low impedance loads.

1/gm
A - Vout

Efg; RL//ro
I

Zin=Vin/Tin

FIGURE 3.15: SOURCE FOLLOWER INPUT IMPEDANCE
The input impedance is the impedance seen from input side as shown in Figure 3.15 above.

Using KVL, Vin - lin*1/gm— lin*(RL/T0) = Ouererniiniieiiiniiniiiiiiininniiiineciecnenncnns 3.10
Solving 3.12, Zin = f—: =1/Gm + RUTO R RLITO weeeeeeeeeeeeeeeeeeeeeeeeeeeseseeneeeennen 3.11

As can be observed from equation 3.11 above, the input impedance Zi» will be large if RL is large.
Therefore, if R is replaced with MOSFET current source M, which has infinite impedance ro2 in
parallel as in Figure 3.16 below, a buffer with unity gain, high input impedance and low output
impedance can be obtained.

Voo
Vin°__| M 1
vout
Vee—[L M 2

FIGURE 3.16: SOURCE FOLLOWER WITH CURRENT SOURCE LOAD
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FIGURE 3.17: SMALL SIGNAL EQUIVALENT FOR THE SOURCE FOLLOWER WITH MOSFET CURRENT SOURCE AS
LOAD.
As can be seen from Figure 3.17 above, Ry is replaced by ro2. Therefore, the corresponding gain,

input impedance and output impedance will be:

Replacing RL with ro2 in equation 3.8 above, the voltage gain is,

_Vout _ gmi(ro2//rol)

Av =
Vin 1+gmi1(ro2//rol)

= 1, as roa/lror >>1.

Also replacing RL with roz in equation 3.11 above, the input impedance Zin is,

Zin = %’: =1/gm1 + ro2//re1 = ro2//re1 Which is very large since M1 and M2 will be designed to be in
saturation, i.e. current source. The advantage for large Zin is that it will not affect the gain of
previous circuits when cascaded with other amplifiers or circuits.

Similarly, replacing RL with ro2 in equation 3.9,

Z0=rollro1//1/gm =~ 1/gm which is very small as required, i.e the circuit is capable of deriving low
impedance loads. In other ways, the output voltage will be transferred to the next circuits with less
effect, i.e. without being degraded by the output impedance.

Next, two source follower circuits are designed same as Figure 3.16 using IRF840 MOSFET to be

connected to the output of the multistage amplifier in Figure 3.8 so that they can buffer the output.
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FIGURE 3.18: BUFFER CIRCUIT FOR THE DIFFERENTIAL PAIR VGA
The inputs to M1 and M3 are the outputs from the third VGA stage Vs and Vos respectively. Next,
biasing voltage Vbias and common mode voltage Vem are designed for the selected MOSFET
IRF840.
The minimum bias, Vbiasmin) that can turn on the transistors is:
Ves2=V1N
Ve2-Vs2=V1N
Vbias(min) i connected to Ve and Vss is to Vs,. Substituting these values,
Vbiasmin) - Vss = V1, then the bias voltage will be,
Vpiasmin) = VTn + Vss = 3.8439 — 3= 0.8439. Therefore,
Since Viias> 0.8439, Viias=1V is selected for the design of the buffer.
Accordingly, the gate to source voltage of MOSFET M2, Vs is,
VeGs2 = Vbias - Vss = 1+3=4 V.
Since same drain to source current, Ips flows in all transistors, Vesi=Ves2 =Vesz = Vess= 4V.
Ips1=Kn(Ves1-Vn)?
The overdrive voltage, Vpsat=Ves-V1n=4-3.8439= 0.8439 =Vpsat1=Vbsat2=Vbsat3==VDsat3.
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The minimum value of input common mode voltage Vems for the buffer is determined such that
M2 should not leave saturation. Applying KVL.:

Vemb - Vest — Vosaz — Vss = 0

Vemb = Vst + Vpsatz + Vss = 4 + 0.8439 — 3 = 1.8439

The maximum value of Vcmb is determined such that M1 should not leave saturation. Applying
KVL:

Vemb - Ves1 + Vpsat1 — Vop = 0

Vemb = Vast - Vbsatr + Vop =4 — 0.8439 + 3 = 6.1561; therefore, the range of Vems IS,

1.8439 < Vemb <6.1561

Since output of one stage is input to the next in multistage amplification, the minimum input
common mode voltage Vcm is same as the minimum output VVo. The minimum Vcm for one
variable gain amplifier as found in the previous section is Vcm =2.2362 V which is same as the
minimum DC output. Therefore, as seen from range of Vcmb for the buffer above, the designed
buffer can accommodate the minimum DC output of the amplifier behind it. The cascaded 3-stage

VGA along with the designed buffer is shown in Figure 3.19 below:
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FIGURE 3.19: 3-STAGE VGA WITH BUFFER CONNECTED TO OUTPUT OF LAST STAGE
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3.2INSTRUMENTATION AMPLIFIER

An instrumentation amplifier is a differential voltage-gain device that amplifies the difference
between the voltages existing at its two input terminals. The main purpose of an instrumentation
amplifier is to amplify small signals that may be riding on large common mode voltages [19].To
measure the differential ac output and remove the common mode dc output in the designed VGA,

an instrumentation amplifier is needed.

FIGURE 3.20: INSTRUMENTATION AMPLIFIER
Next is derived the closed loop gain Ac considering R1=R>=R3=R4=R5=Rs=R in Figure 3.20 above.

Let V1= Vin1 + Vem and V2= Vin2 + Vem. Since the circuit is linear, superposition theorem can be
used to derive the gain.
o Vout due to only V1 by making V=0,

In this case, OPAMP1 is acting as non-inverting and OPAMP2 as inverting amplifiers.

) _ R1 _ R
Voutl—(l"‘E)Vl—(l"‘E)Vl
S 3
Vout2—'RGV2— RGV1

o Vout due to only V2 by making V1=0.
In this case, OPAMPL1 is acting as inverting and OPAMP?2 as non-inverting amplifiers.

v>ooutl = - By, = - Ry,
RG RG

s _ R2 _ R
Vo2 = (1 + E)VZ =(1+ E)VZ
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’ RS- R _ R
Voutt=V’out1 + V’out1= (1 + RG)Vl RGV2 ........................................... 3.12

Voutz = Vourz + V*?ou2= (1 + ;;G)vz - Ri;;vl .......................................... 3.13
o OPAMP3 is a differential amplifier circuit and its gain is found similarly using superposition:

RJ RS
Voutl %
A3 WVout
Vi N
Ry
Wout2
Rﬁ

FIGURE 3.21: DIFFERENCE AMPLIFIER
e Due to Voutr in which case OPAMP3 acting as inverting OPAMP:

V’out = — R_R35 Voutl

e Due to Vout2 in which case OPAMP3 acting as non-inverting OPAMP.
Using KCL at node VX in Figure 3.21:
V> out= (1+ 2_2 )VX

Vx = Vx-Vout2
—+ = """ =0

R6 R4
R6
VX= Vout2
R4+R6
., _ ,R3+R5, R6
V7our= ( R3 )R4+R6 out2
R3+R5, R6 R5
=V’out+ Vout = == VOUtleceseococecossscscacas .
Vout= V’out + V*’out ( R3 )R4+R6Vout2 R3 Vout1 3.14
If R3=R4=R5=R6=R, Vout= Vout2 — VoUtl cetteeeeersseeeereeeesnseececccennnns. 3.15

Combining equations 3.12, 3.13, 3.14 and 3.15, the output of the instrumentation amplifier is,
Vout = (1 + %)VOUIZ - (1 + %)Voutl = (1 + %)(VoutZ — Voutl) = (1 + %)(ch + Vin2 — Vem- Vinl)
Solving the above equation, the closed loop gain, Aci is,

Vout 2R
Al T T L o ittt ttettettettettetteeteeteetettetteetettettettetteatenannns 3.16
Vin2-Vin1l RG
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Using equation 3.16, one can select the ratio of R and Rg based on the requirement of closed loop
gain, Acl.

From the previous section, the range of common mode voltage Vem is 2.2362 <V¢m < 5.8439 and
from this range Vecm=4 V is selected for the design; consequently, the maximum allowable
differential ac voltage swing Vd is, Vd=4-2.2362=1.7638 Vpeak.

Since there are three stages, if the maximum differential input at the third stage is 1.7638 Vpeak,
the maximum differential input at first stage Vaimax(peak) 1S determined as follows,

The maximum control voltage that is determined in previous section is Vc=1.5. The maximum
single ended gain, Av=2.79, for the three stages, the total gain Awt=2.79*2.79*2.79=21.718

Aot * Vimax (peak) = 1.7638 V=1763.8 mV

1763.8 mV
21.718

Therefore, for the design in this thesis work the maximum amplitude value allowed at input of the

Vd1max (peak) = ~ 81 mVpeak

multistage amplifier is 81 mVpeak.

uUA741 OPAMP is chosen to design the instrumentation amplifier. From the datasheet of uA741,
the maximum input swing is £15 and the maximum output swing £10.

The maximum single-ended output at the last stage is,

Vo(max)=Vodc(max) + Vd = Vodc(max) + 1.7638 Vpeak.

But, the maximum dc output occurs when the drain to source current Ips is minimum, i.e. when
Ips =0 A.

Accordingly, Vodc(max)=Vpp-IpsminRpo= Vbp— 0*1= Vpp=3 V. Therefore,
Vo(max)=3+1.7638=4.7638 V which is within the input range of the OPAMP (x15).

Assuming the closed loop gain of the instrumentation amplifier, Ac = 2, i.e.

Aa= (1 + %)zz ........................................................................... 3.17

To fulfil equation 3.17, :46:0.5.

Let Vouymax) IS the peak value of the output of the instrumentation amplifier at third/last stage.
Voutmax=2(Vin2-Vinl) =2(1.7638 - (-1.7638)) = 4*1.7638 =7.0552 which is within range of output of
the OPAMP (+10). Note that the single-ended outputs of the differential amplifier are same in
magnitude and opposite in phase. Therefore, at output of the instrumentation amplifier, the single-
ended output of the differential amplifier is multiplied by a factor of 4.

The instrumentation amplifier has three advantages in the design:
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1) Removes the common mode signal

2) Combines the two single-ended outputs and provides differential output

3) Amplifies the differential output which makes small signals to be readable by the ADCs with
better resolution.

Based on above calculations, the following components are used to design the instrumentation

amplifier:

+ UA741 OPAMP

4+ R=1k and Rs=2k so that equation 3.17 will be fulfilled.

The designed instrumentation amplifier is shown in Figure 3.22 below. Three such amplifiers will

be connected to each VGA output in the 3-stage VGA designed as in Figure 3.19 above.

Vin2 BG Vinl
y1 —MA—
uA741 @ o~ 2%
VCC Oy —A\VEE
oA 5/\&%
R1 R2
nnf o —r % 1k 1%
L | l
B
R6 1k
—w—

‘ Vout

FIGURE 3.22: DESIGNED INSTRUMENTATION AMPLIFIER

3.3PEAK DETECTOR CIRCUIT

As discussed in [19], the peak detector circuit is used to detect the peak of the input voltage and
store that peak voltage on a capacitor. It can be used to detect and store the maximum value of an
AC voltage; this value can then be measured at the output with a voltmeter or recording device.
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FIGURE 3.23: PEAK DETECTOR
Selecting the necessary components, i.e uA741 OPAMP, 1N4007 diode, capacitor, IRF840
MOSFET for switching and a digital pulse to turn on and off the MOSFET, the peak detector
circuit shown in Figure 3.23 above is designed in ORCAD PSpice as shown in Figure 3.24 below.

The purpose of the switch is to reset the value in the capacitor so that it can hold new values.

WVin
IRF&40 \Dutput from
M14 Instnumentation Amp.
0 ||}— —o u10
S ™ e« uUAT41
DSTMA1
ST > vee - ~Avee
. l [
Implementation = pulse - e
1 w | )
5/, D1
| Co D1M4007
0 [ -
|| | ' '|1u T“‘-.-’::rut

FIGURE 3.24: PEAK DETECTOR CIRCUIT AS DRAWN IN PSPICE
The pulse value should be greater than threshold value of the MOSFET. In this case, it is selected

to be 5V and the period is 1ms which is same as the period of the input signal. The comparison of
the input to the peak detector and the corresponding detected peak value is shown in Figure 3.25

below. The output is evaluated at first stage for Vc=1.3V, and Vd=20mVpeak.

Page | 30



Pe; d
ad

fmmeb oo Lo Lo__1___Jl__._.

-

TTTTrTTTrTTTrTTTrRTTTreTTTTTTTCTTTCT

[ [ [ [ ——

J

dAmmm e

a

+

detector

Pe

N I ——

Locolocodooodlooodooodo

o=

8.5ns 1.08ms 1.5ms 2 .8ms

« UW{R19

As

2)

D)

o U(H14

FIGURE 3.25: COMPARISON OF THE OUTPUT OF THE PEAK DETECTOR AND THE CORRESPONDING SINUSOIDAL INPUT

The analog part of the design as implemented and tested in Orcad Pspice is shown in Figure 3.26 below.
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FIGURE 3.26: ANALOG PART OF THE SYSTEM DESIGN
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3.4 ANALOG TO DIGITAL AND DIGITAL TO ANALOG CONVERTERS

One of the most important functions in signal processing is the conversion between analog and
digital signals. In order to compare the peak amplitude value with the reference value in FPGA so
that to generate control voltage, one need to convert the peak value which is analog to digital
equivalent. For such purpose, Analog to Digital Converter (ADC) is needed. After generating the
control voltage in FPGA, it is needed to convert it to analog equivalent value to be fed back to
analog circuits and for such purpose Digital to Analog Converter (DAC) is required. Discussion
about ADC and DAC will be followed and it is based on reference [20].

3.4.1 ANALOG TO DiGITAL CONVERTER (ADC)

ADC is a sampled-data circuit which converts analog signal to equivalent digital signal by
sampling. The time that the sampled analog signal is converted to equivalent digital one is called
conversion time. The conversion is accomplished by quantization step. The nature of a quantizer
is to segment the reference into subranges. Typically, there are 2N subranges, where N is the
number of bits of the digital output code. The quantization step finds the subrange that corresponds
to the sampled analog input. Thus, within the conversion time, a sampled analog input signal is
converted to an equivalent digital output code.

The input of an ADC can have any value between 0 and Vrer. The resolution of an ADC is the
smallest analog change that can be distinguished by an ADC. It is typically given by the number
of bits N, where the converter has 2N output possible states. The output of the ADC in decimal

equivalent is:
Vout= V"r—’} H(2No1) et e et eeeeee e e e ee e e e e eaae e et e e aaeeaaeeeateeaaeeneeaneeenaeen 3.18
The output of the ADC is digital code and if one needs to convert it back to analog for comparison

purposes, the DAC output formula given by equation 3.21 below, i.e.,

— bn-1 bn—> b1
Vanalog = VREF ( o1 + 2 + ... N1

bo
+ z_N)

N is the total number of bits and b is the i""-bit coefficient and is either 0 or 1.
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FIGURE 3.27: ADC BLOCK DIAGRAM
The sampling frequency is selected to be 10kHz in the design. The frequency of the input signal

is 1kHz and then 10kHz>2*1kHz which fulfils Nyquist criterion and sampling theorem [21].
3.4.2 DIGITAL TO ANALOG CONVERTER (DAC)

The input to DAC is a digital word consisting of parallel binary signals that are generated from
signal processing system, in case of this thesis work, FPGA. These parallel binary signals are

converted to equivalent analog signal by scaling a reference.

VEREF

L

MSE bl  ——
briz  —— |
S

Diigital to Analog

Comverter BV{M

o]
o]
o]

LSB  bo %I

FIGURE 3.28: DAC BLOCK DIAGRAM
As shown in Figure 3.28 above, a DAC consists of a digital word of N-bits (bn-1, bn-2, ..., b1, bo)

and a reference voltage Vrer. bn-1 is called the most significant bit (MSB) and by is called the least
significant bit (LSB). The voltage output Vou can be expressed as:

VUt = KV REFD ttittttetniiiieereeeenneeeeeeesessssessecssssssssscocsssssssssssccsans 3.19
Where K is the scaling factor and D is the digital word given us,
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_ byt |, by_z b1 . bO
D= T + St e b g T gmee e 3.20

The scaling factor K is considered to be 1 unless stated. Combining equations 3.19 and 3.20,

Vout = VREF (bg;l + b;—;z +.o.t zzil + 2—2) ........................................ 3.21
N is the total number of bits and bi is the i"-bit coefficient and is either 0 or 1.
For implementation of this thesis work, the built-in ADCs and DACs in Xilinx Spartan 3E FPGA

are used.
3.5FIELD PROGRAMMABLE GATE ARRAY (FPGA)

In the computer and electronics world, two different ways of performing computation are used,
hardware and software. Computer hardware, such as application-specific integrated circuits
(ASICs), provides highly optimized resources for quickly performing critical tasks, but it is
permanently configured to only one application via a multimillion-dollar design and fabrication
effort. Computer software provides the flexibility to change applications and perform a huge
number of different tasks, but is orders of magnitude worse than ASIC implementations in terms
of performance, silicon area efficiency, and power usage. Field-programmable gate arrays
(FPGALS) are truly revolutionary devices that blend the benefits of both hardware and software.
They implement circuits just like hardware, providing huge power, area, and performance benefits
over software, yet can be reprogrammed cheaply and easily to implement a wide range of tasks
[22].

The purpose of the FPGA in this thesis work is to compute control voltage VVc. The FPGA is
configured using VHDL code; however, before writing the actual VHDL code, an algorithm which
is one of the problem-solving techniques in programming is developed. Next, state machine and

VHDL code are developed respectively.
3.5.1 ALGORITHM

The variables that are used in the flow chart algorithm are:

Vcl, V2, Vc3: the control voltages for VGAL, VGA2 and VGAS respectively

Vcl0, Vc20, Vc30: the initial values of the control voltages

Vrefl, Vref2, Vref3: the desired peak voltage outputs for VGAL, VGA2 and VGAS3 respectively.
Vpeakl, Vpeak2 and Vpeak3: the sensed single-ended voltage outputs for VGA1, VGA2 and
VGAB3 respectively. The sensed peak voltage value at output of each stage is less than the output
voltage of the peak detector by a factor of 4 due to the gain of the instrumentation amplifier.
Avl, Av2, Av3: the voltage gains for VGAL, VGA2 and VGAS respectively.
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Av10, Av20, Av30: the initial voltage gains at the reference inputs and outputs for VGAL, VGA2
and VGAS respectively.

Av1_adjusted, Av2_adjusted, Ava_ adjusted: the adjusted values of the gains for VGAL, VGA2 and VGA3
respectively.
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FIGURE 3.29: FLOW CHART ALGORITHM TO GENERATE CONTROL VOLTAGE, V.
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3.5.2 STATE MACHINE

The algorithm should be changed to state machine and then to VHDL code for digital hardware
implementation. The concept for design of state machine and VHDL code that are used here is
based on reference [23].

Let x is the output of a comparator for comparison of Vref and Vpeak. x=1 when Vref=Vpeak and
0 otherwise. The machine starts at the output of the last stage, i.e x=1 when Vref3=Vpeak3 and 0
otherwise. Let that initial state is SO. The machine generates control voltage Vc1 to adjust gain of
VGAL. Note that this is feedback loop because the machine senses the output, generates V¢l and
fed it back to the first stage.

Then the machine proceeds to the output of the first stage, i.e x=1 when Vrefl=Vpeakl and 0
otherwise. Let that state is S1. The machine generates control voltage Vc2 to adjust gain of VGAZ2.
Note that this is feedforward loop because the machine senses the input of VGAZ2, generates Vc2
and fed it forward.

Again, it proceeds to the output of the second stage, i.e x=1 when Vref2=Vpeak?2 and 0 otherwise.
Let that state is S2. The machine generates control voltage Vc3 to adjust gain of VGA3. Note that
this is feedforward loop because the machine senses the input of VGAS3, generates Vc3 and fed it
forward. Then the machine loops to state SO if there is a variation of amplitude level from the
reference value at output of VGAS3. The state diagram for generating the control voltage Vc is

shown in Figure 3.30 below.

co =
@ xe1

Figure 3.30: State diagram for generating control voltage, V..
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An algorithm is best expressed using Algorithmic Sate Machine (ASM) as shown in Figure 3.31 below.

Reset

o |

1
0
Generate Vcl ]
o ]
1
0
Generate Vc2
S2 l
1
0

Generate Vc3 ]

FIGURE 3.31: ASM TO GENERATE CONTROL VOLTAGE V. FOR EACH VGA STAGE
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3.5.3 ARITHMETIC DIvISION IN FPGA

Integer or finite length fractional numbers can be multiplied exactly, whenever sufficient length is
allowed for the result. Division doesn’t share this feature. As a matter of fact, division generally
does not provide a finite length result. The accuracy must be defined beforehand by setting the unit
in the least significant position (ulp) of the result. The number of algorithmic cycles will therefore
depend on the desired accuracy, not on the operand length [24].

The following theorem and algorithm of division is based on reference [24].

Let X and Y be two natural numbers with Y > 0. Define Q and R, respectively, as the quotient and
the remainder of the division of X by Y, with an accuracy of p fractional base-B digits:

BP.X = Q.Y + R; where Q and R are natural numbers, and R <'Y. The basic algorithm applies to
operands X and Y such that X <'Y.

In the general case, to ensure that X <Y, a previous alignment step is necessary. Assume that X is
an m-digit base-B number, that is, X < B™; then Substitute Y by Y’ = B™.Y, so that Y’> B™.1 >X;
compute the quotient Q and the remainder R’ of the division of X by Y, with an accuracy of p+m
fractional base-B digits, that is, B"™.X = Q.Y’ + R’, with R’ < Y’ so that B>.X = Q.Y + R, with
R=R’/B"<Y.

Since FPGAs work in binary number format, the base-2 division algorithm of reference [24]
described below is used in the VHDL code of this thesis work.

For two binary numbers a and b with a<b, the division algorithm of a by b (a/b) is,

z:=2*a-b;

r=a;

for (i=m+p-1 downto 0) loop

if z<0 then

q(i):=’0’;

r:=2*r;

else

q(i):="1";

r=z;

end if;

z:=2*r-b

end loop;
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A VHDL code that computes and generates the control voltages for each Variable Gain Amplifier
(VGA) is developed in Xilinx ISE 14.7 as shown in Appendix. The complete system design
(analog + digital designs) of the FPGA based AGC circuit as implemented in Matlab-2013
Simulink configured with Xilinx ISE 14.7 system generator is shown in Figure 3.32 below.
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FIGURE 3.32: THE COMPLETE FPGA BASED AGC DESIGN
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The Xilinx Spartan 3E shown in Figure 3.32 above is a subsystem in Matlab Simulink and consists of the

components shown in Figure 3.33 below.

D ver (D) ve2 () ves el
8 ok o double doute
E
System
Generator Gin Gin Gin2 Gin3
UFix_16_14 UFix_16_14 UFix_16_14 Bael
Shift1 | X << 42 Shift2 | ¥ =12 Shiftd | X <<12
UFix_16_0 UFix_16_0 UFix_16_0
v v v Y
= ] 2 B
Black Box
7] o i)
= = =
UFix_16_0 UFix_16_0 UFix_16_0
v ¥ ¥
Shiftd | X »= 14 Shifts | o >= 14 Shifth | 3 »> 14
UFix_18_14 UFix_16_14 UFix_18_14
GOut 3 GOut1 GOut2
ek bl deubile
CDve CDves

FIGURE 3.33: THE XILINX FPGA SUBSYSTEM AS DESIGNED IN IVIATLAB SIMULINK

From Figure 3.33 above,

= The blocks labeled with Gin, Ginl, Gin2 and Gin3 are called gateway in blocks and are entry
from Matlab to Xilinx System generator. They convert the floating point values in Matlab to
fixed point values in FPGA because FPGAs can only compute fixed point values.

= The left shift operations are equivalent to multiplication by 2'? and are used to scale up the
fixed point values to integer equivalents by 22, The single-ended output of the differential
amplifier was scaled up by 4=22 by the instrumentation amplifier and now it is scaled up by
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212 py the left shift operations and then totally scaled up by 2#; therefore, the peak value of
the single-ended output at each amplification stage is scaled up by 14 bits before it enters the
BlackBox block. The purpose of scaling up by 14 bit is to convert the decimal values to integer
values for digital computations inside the FPGA. They will be scaled down by 14 bit to their
normal values at the output of the FPGA.

The BlackBox block accepts the VHDL code shown in Appendix below and generates the
control voltages accordingly.

The right shift operation by 14 bit are equivalent to division by 21* and are used to return back

the integer scaled values to their original fixed point values.
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CHAPTER 4: MATERIALS AND METHODOLOGY

4.1 MATERIALS USED

For design simulation, testing and verification of analog circuits, OrCAD PSpice 17.2-2016 is
used.

For VHDL code development, simulation and synthesis of the FPGA, Xilinx ISE Design Suite
14.7 is used.

For design simulation, testing and verification of the complete system of embedded analog and
digital circuits, Matlab-R2013a Simulink configured with Xilinx ISE 14.7 System generator is
used. OrCAD PSpice is suitable for analog designs, Xilinx ISE is suitable for digital designs
and Matlab Simulink has the capability to simulate integrated analog and digital designs.
Accordingly, this thesis work used Matlab Simulink to simulate, test and verify the complete
FPGA based AGC circuit.

The following discrete components are also used in the design:

For VGA design:

o MOSFETs IRF840, Resistors and Capacitors

For design of instrumentation amplifier:

o OPAMPs uA741, and Resistors

For design of peak detector circuit:

o MOSFETs IRF840, OPAMPs uA741, and Capacitors

FPGA Spartan 3E built in Nexys2 Digilent board on which the developed VHDL code is
loaded and configured.

M21-5000 digital training system

4.2 METHODOLOGY

1.

2.

Simulation and testing for the analog part of the design is done for 3 amplification stages in
OrCAD PSpice 17.2-2016

A VHDL code is developed in Xilinx ISE 14.7 according to the algorithm in Figure 3.29 to
generate control voltages Vcl, Vc2 and Vc¢3 based on the sensed peak output values of each
stage by the peak detector circuit. Vcl is fed back to VGAL; Vc2 and Vc3 are fed forward to
VGAZ?2 and VGAS respectively for gain adjustment. A reference differential input voltage of
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Vinref=25 mVpeak and an initial control voltage value of V¢ = 1.2V are selected for each stage
for testing purposes.

Finally, simulation and testing of the complete FPGA based AGC system is done in Matlab -
R2013a Simulink. Tests are conducted for a differential ac input voltage of Vin=15 mVpeak
and 20 mVpeak below the chosen reference input voltage as well as Vin=30 mVpeak and 35
mVpeak above the chosen reference.

Hardware implementation as shown in Figure 4.1 below is also implemented and analysis of

the output signal amplitude for the selected test values in step-3 above is conducted.
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CHAPTER 5: RESULTS AND DISCUSSIONS

5.1 FPGA SIMULATION RESULTS
The Spartan 3E FPGA is loaded and configured with the VHDL code shown in Appendix.

Development, testing and verification of the code is done in Xilinx ISE 14.7 design suite. Desired
ac differential input, Vinref is set to Vinref=25 mVpeak. The initial values of all the three control
voltages Vc is set to Vc=1.2 V for testing purposes. From Table 3.2 above for control voltage
Vc=1.2, the voltage gain Av=15143. The desired output at the last/third stage is,
Vref3=Vinref*Av*Av*Av=25 mVpeak* 1.5143°=86.8 mVpeak=0.0868Vpeak.
Simulation tests are conducted when the ac input fluctuates below and above Vinref. Vin = 20
mVpeak and Vin=30 mVpeak are selected for testing purposes. Let Vpl, Vp2 and Vp3 be the
detected peak output voltage values at stage-1, stage-2 and stage-3 respectively.
=  When Vin=20 mVpeak:

Vpl=20 mV*Av= 20 mV* 1.5143= 30.286 mVpeak=0.030286 Vpeak,

Vp2=20 mV*Av*Av=20 mV*1.51432=45.862 mVpeak=0.045862 Vpeak,

Vp3=20 mV * Av* Av* Av=20 mV * 1.51433= 69.449 mVpeak=0.069449 Vpeak,

The above peak values are scaled up by 14-bit precision to equivalent integer values for digital

computations in FPGA. Let Vpl_scaled, Vp2_scaled and Vp3_scaled are the scaled values of

Vpl, Vp2 and Vp3.

Vp1l_scaled=0.030286 *24= 496= (111110000);

Vp2_scaled=0.045862 *2= 751=(1011101111),

Vp3_scaled=0.069449 *214=1,137= (10001110001),

Simulating the FPGA with the above values, the control voltage Vc results shown in Figure

5.1 below are found.
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FIGURE 5.1: Xilinx ISE Simulation result for Vi,=20 mVpeak
As can be seen from diagram above Vcl1=(0100110011001100),= 19660
Vc2=(0101001010000010),=21122, and
V/c3=(0100110011001110),= 19662 are generated at last clock cycles.
When these control voltage values are scaled down by 14 bit to their normal decimal values,
Vc1=19,660/214=1.2V
V(2=21,122/214=1.29 V
Vc3=19662/21%=1.2 V
The validation of the generated control voltages is checked in the integrated analog and digital
simulation in Matlab Simulink as discussed in next sections.
When Vin=30 mVpeak:
Vpl=30 mV*Av= 30 mV* 1.5143= 45.429 mVpeak=0.045429 Vpeak,
Vp2=30 mV*Av*Av=30 mV*1.5143?= 68.793 mVpeak=0.068793 Vpeak,
Vp3=30 mV * Av* Av* Av=30 mV * 1.5143%= 104.173 mVpeak=0.104173 Vpeak,
The above peak values are scaled up by 14-bit precision to equivalent integer values for digital
computations in FPGA. Let Vpl_scaled, Vp2_scaled and VVp3_scaled are the scaled values of
Vpl, Vp2 and Vp3.
Vp1_scaled= 0.045429 *2%*= 744= (1011101000),
Vp2_scaled=0.068793 *214= 1127=(10001100111),
Vp3_scaled=0.104173 *214=1706= (11010101010)
Simulating the FPGA with the above values, the control voltage Vc results shown in Figure
5.2 below are found.
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FIGURE 5.2: Xilinx ISE Simulation Result when Vin=30 mVpeak
As can be seen from diagram above Vcl1=(0100110011001100).= 19660
Vc2=(0100100011111111),=18687, and
Vc3=(0100110011001110),= 19662 are generated at last clock cycles.
When these control voltage values are scaled down by 14 bit to their normal decimal values,
Vc1=19660/21=1.2 V
V2=18,687/2'4=1.14 V
Vc3=19662/214=1.2 V
Similarly, the validation of the generated control voltages is checked in the integrated analog

and digital simulation in Matlab Simulink as discussed in next sections.

5.2 MATLAB SIMULINK SIMULATION AND HARDWARE IMPLEMENTATION RESULTS

Software simulation and hardware implementation tests are conducted for the designed AGC circuit and

the following results shown in Table 5.1 are obtained for the given inputs. As can be observed from the

table, a constant amplitude output signal is achieved even though the input signal to the AGC circuit

fluctuates below and above the reference/desired amplitude level.
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TABLE 5.1: SIMULATION AND HARDWARE IMPLEMENTATION RESULTS

Vip

Input
signal
amplitude,

(mV)

Calculated
output signal
amplitude
without gain
adjust circuit
(FPGA)
(mV)

Desired
output signal
amplitude,
Vop_ref
(mV)

Simulated
output signal
amplitude,
Vop with
gain adjust
circuit
(FPGA)
(mV)

Hardware
tested output
signal
amplitude,
Vop with
gain adjust
circuit
(FPGA)
(mV)

Remark

15

52.07

86.8

87

85

20

69.45

86.8

87

85

25

86.8

86.8

87

85

NB: this is the

reference input

30

104.17

86.8

87

85

35

121.54

86.8

87

85

The output Vopeak is the output in the last stage of the AGC circuit. Sample simulation figures for Vin=20

mVpeak and Vin=30 mVpeak are shown below.

Woltage(V)

23

! ' '_ ! ' ' !
282 -
274 -
- i ; .' : . . i

4 5

B

Time (ms)

FIGURE 5.3: Matlab Simulink Simulation Result for Vin =20 mVpeak
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FIGURE 5.4: Matlab Simulink Simulation Result for Vin =30 mVpeak

As can be seen from figures 5.3 and 5.4 above, the output is settled to the desired value after 4 ms.
Besides, the peak amplitude value of the two signals is the same since gain adjustment is done by

the FPGA for constant amplitude output signal.
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CHAPTER 6: CONCLUSION AND RECOMMENDATION

6.1 CONCLUSION
Though the input may vary below and above the reference level, the designed FPGA based AGC

circuit take control of the amplitude variation and delivers a constant amplitude output signal.
Using FPGAs to generate the control voltages has the advantages of flexibility over ASICs and
better performance speed, less area consumption and high power efficiency over microcontrollers.
Feedback and feedforward loops of gain adjustment are used in this work to utilize the strong sides
of both closed loop mechanisms. Using multistage enhances the dynamic range of the overall gain.
In case of this work, the range is enhanced from 21 dB for single stage to 63 dB for three stages.
Though the input varies below and above the input reference value which is 25 mvPeak, a constant
amplitude signal of 87 mVpeak is achieved for all inputs. The designed FPGA based AGC circuit
can be applied in communication systems where the faded transmitted signal is adjusted to desired
amplitude level at receiving end, in scanning devices for consistent image qualities, and in disc
drive read channels for consistent sound output, etc.
6.2 RECOMMENDATION FOR FUTURE WORKS
The following points are recommended for future works around this thesis,

= Design the Variable Gain Amplifier (VGA) fully from MOSFETS for better controllability,

less power dissipation and better output voltage swing.

= Apply the AGC circuit for specific real world applications that are not discussed in this

paper.
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APPENDIX: VHDL CODE TO GENERATE CONTROL VOLTAGES

-- MSc thesis FPGA implementation

--Institute: AAU

--Title: FPGA Based Automatic Gain Control Circuit Design for Multistage Amplification
-- Student: Abreha Teklu

-- Advisor: Prof. Mohammed Abdo

-- Module Name: generateVc - agc_arc

-- Target Devices: Spartan 3E

LIBRARY IEEE;
USE IEEE.STD_LOGIC_1164.ALL;
USE IEEE.NUMERIC_STD.ALL;
ENTITY generateVc IS
PORT (Vpl:IN STD_LOGIC_VECTOR (15 DOWNTO 0);--Vp scaled by 14 bit

Vp2:IN STD_LOGIC_VECTOR (15 DOWNTO 0);

Vp3:IN STD_LOGIC_VECTOR (15 DOWNTO 0);

clk: IN STD_LOGIC;

Vcl: OUT STD_LOGIC_VECTOR (15 DOWNTO 0):="0100110011001100";

--initialize to 1.2 scaled by 14-bit precision

Vc2 : OUT STD_LOGIC_VECTOR (15 DOWNTO 0):="0100110011001100";

Vc3: OUT STD_LOGIC_VECTOR (15 DOWNTO 0):="0100110011001100");
END generateVc;
ARCHITECTURE agc_arc OF generateVc IS
---All values are scaled by 14 bit precision----------
---the following constants are calculated assuming differential ac input reference
--Vinref=25 mVpeak;
CONSTANT Vc0: UNSIGNED(31 DOWNTO 0):= TO_UNSIGNED(INTEGER(1.2*16384.0),32);
CONSTANT k1: UNSIGNED(17 DOWNTO 0) :=TO_UNSIGNED(INTEGER(4.2524*16384.0),18);
CONSTANT k2: UNSIGNED(15 DOWNTO 0) :=TO_UNSIGNED(INTEGER(0.8439*16384.0),16);
CONSTANT k3: UNSIGNED(15 DOWNTO 0) :=TO_UNSIGNED(INTEGER(0.2352*16384.0),16);
CONSTANT Av0: UNSIGNED(31 DOWNTO 0) := TO_UNSIGNED(INTEGER(1.5143*16384.0),32);
CONSTANT Vrefl: UNSIGNED(15 DOWNTO 0):= TO_UNSIGNED(INTEGER(0.0379*16384.0),16);
CONSTANT Vref2: UNSIGNED(15 DOWNTO 0) :=TO_UNSIGNED(INTEGER(0.0573*16384.0),16);

Page | 58



CONSTANT Vref3: UNSIGNED(15 DOWNTO 0):=TO_UNSIGNED(INTEGER(0.0868*16384.0),16);
SIGNAL Vpl_unsigned : UNSIGNED(15 DOWNTO 0);
SIGNAL Vp2_unsigned : UNSIGNED(15 DOWNTO 0);
SIGNAL Vp3_unsigned : UNSIGNED(15 DOWNTO 0);

SIGNAL Avl : UNSIGNED(31 DOWNTO 0) =AV0;
SIGNAL Av2 : UNSIGNED(31 DOWNTO 0) =AV0;
SIGNAL Av3 : UNSIGNED(31 DOWNTO 0) =AV0;

CONSTANT Vcl : UNSIGNED(31 DOWNTO 0) :=TO_UNSIGNED(INTEGER(0.9*16384.0),32);
CONSTANT Vch : UNSIGNED(31 DOWNTO 0) :=TO_UNSIGNED(INTEGER(1.5*16384.0),32);
SIGNAL Vcl flag, Vc2_flag, Vc3_flag: BIT:='0";--flags to handle delta delays

SIGNAL init: BIT:='1";

BEGIN

Vpl_unsigned <= UNSIGNED(Vp1l);

Vp2_unsigned <= UNSIGNED(Vp2);

Vp3_unsigned <= UNSIGNED(Vp3);

-- process
procVc : PROCESS (clk)

VARIABLE Vcl_tmp : UNSIGNED(31 DOWNTO 0) :=Vc0;
VARIABLE Vc2_tmp : UNSIGNED(31 DOWNTO 0) :=Vc0;
VARIABLE Vc3_tmp : UNSIGNED(31 DOWNTO 0) :=Vc0;

VARIABLE Avl_adjusted : UNSIGNED(31 DOWNTO 0);

VARIABLE Av2_adjusted : UNSIGNED(31 DOWNTO 0);

VARIABLE Av3_adjusted : UNSIGNED(31 DOWNTO 0);

VARIABLE Q1: UNSIGNED(29 DOWNTO 0);--quotient of Vref1/Vp1 during feedback
VARIABLE Q2: UNSIGNED(29 DOWNTO 0);--quotient of Vref2/\Vp2 during feedforward
VARIABLE Q3: UNSIGNED(29 DOWNTO 0);--quotient of Vref3/Vp3 during feedforward
VARIABLE Vpl_scaled: INTEGER;

VARIABLE Vp2_scaled: INTEGER,;

VARIABLE Vp3_scaled: INTEGER,;

VARIABLE i,r,z: INTEGER;

BEGIN

IF(clk="1' AND (init='1' OR Vc3_flag="1")) THEN

IF(Vp3_unsigned = Vref3) THEN
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Vpl scaled :=TO_INTEGER(Vpl_unsigned)*65536; --multiply by 2716 to insure
--Vp>Vref for division algorithm

2:=2*TO_INTEGER(Vrefl)-Vpl_scaled;

r:=TO_INTEGER(Vrefl);

Q1:="000000000000000000000000000000";--initialize to O

--base 2 division to find Vrefl/Vpl with 16+14 iterations

FOR i IN 29 DOWNTO 0 LOOP

IF z<0 THEN

QL():=0

r:=2*r,

ELSE

QL(:=1

r=z,

END IF;

z:=2*r-Vpl_scaled,;

END LOOP;

----Actual Q1:= Q1/2"14 but left for integer scaling;

Avl adjusted := RESIZE((Av1* Q1)/16384,32);-- holds adjusted gain value

Vcl tmp :=RESIZE(((k3*Av1l_adjusted)/16384+k2),32);

IF(Vcl_tmp<Vcl) THEN-- if Vcl is below minimum value of control voltage
Vcl tmp :=Vcl;

ELSIF(Vcl tmp>Vch) THEN-- if VVcl is above maximum value of control voltage
Vcl tmp :=Vch;

END IF;

Vel <=STD_LOGIC_VECTOR(RESIZE(Vc1_tmp,16));--resize to 16 bit

Av1<=RESIZE((k1*(Vcl_tmp-k2))/16384,32); -- adjust VGA1

END IF;

Vcl_flag<="1"

init<="0";

Vc3_flag<='0"

END IF;

IF(clk="1' AND Vc1_flag="1") THEN

IF(Vpl_unsigned /= Vrefl) THEN
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Vp2_scaled :=TO_INTEGER(Vp2_unsigned)*65536; --multiply by 2716 to insure
--Vp>Vref for division algorithm

2:=2*TO_INTEGER(Vref2)-Vp2_scaled;

r:=TO_INTEGER(Vref2);

Q2:="000000000000000000000000000000";--initialize to 0

FOR i IN 29 DOWNTO 0 LOOP --14+10 bit precision

IF z<0 THEN

Q2(i):=0;

r:=2*r;

ELSE

Q2(i):=1

r=z;

END IF;

z:=2*r-\Vp2_scaled,

END LOOP;

--Actual Q2:=Q2/2"14 but left for integer scaling;

Av2_adjusted:= RESIZE((Av2*Q2)/16384,32);

Vc2_tmp :=RESIZE(((k3*Av2_adjusted)/16384+k2),32);

IF(Vc2_tmp<Vcl) THEN-- if Vcl is below minimum value of control voltage
Vc2_tmp :=Vcl;

ELSIF(Vc2_tmp>Vch) THEN -- if V¢l is above maximum value of control voltage
Vc2_tmp :=Vch;

END IF;

Vc2 <=STD_LOGIC_VECTOR(RESIZE(Vc2_tmp,16));

Av2<=RESIZE((k1*(Vc2_tmp-k2))/16384,32); -- adjust VGA2

END IF;

Vc2_flag<="1"

Vcl flag<='0"

END IF;

IF(clk="1' AND Vc2_flag="1") THEN

IF(Vp2_unsigned /=Vref2) THEN
Vp3_scaled := TO_INTEGER(Vp3_unsigned)*65536; --multiply by 2716 to

--insure Vp>Vref for division algorithm
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2:=2*TO_INTEGER(Vref3)-Vp3_scaled;
r:=TO_INTEGER(Vref3);
Q3:="000000000000000000000000000000";--initialize to 0
FOR i IN 29 DOWNTO 0 LOOP --14+10 bit precision
IF z<0 THEN
Q3(i):=0',
r:=2*r,
ELSE
Q3(i):='1
r=z;
END IF;
z:=2*r-\Vp3_scaled,
END LOOP;
--Actual Q3:=Q3/2"14 but left for integer scaling;
Av3_adjusted:=RESIZE((Av3*Q3)/16384,32);
Vc3_tmp :=RESIZE(((k3*Av3)/16384+k2),32);
IF(Vc3_tmp<Vcl) THEN-- if Vcl is below minimum value of control voltage
Vc3_tmp =V,
ELSIF(Vc3_tmp>Vch) THEN -- if V¢l is above maximum value of control voltage
Vc3 tmp :=Vch;
END IF;
Vc3 <=STD_LOGIC_VECTOR(RESIZE(Vc3_tmp,16));
Av2<=RESIZE((k1*(Vc2_tmp-k2))/16384,32); -- adjust VGA3
END IF;
Vc3_flag<="1"
Vc2_flag<='0
END IF;
END PROCESS procVc;
END ARCHITECTURE agc_arc;
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