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LOW POWER RF TRANSMITTERS FOR BIOIMPLANTS

SUMMARY

Today’s semiconductor technology enables the design and manufacture of the
implantable RF circuits. The power sources are limited in implantable circuits. Low
power wireless transmitters can transmit the information obtained from the human
body to the external environment. The changes in the body can be continuously
monitored without surgical intervention for every information.

In this project, FBAR-based low power 2.5 GHz RF transmitter is designed.
Transmitter designed for 40nm CMOS technology includes digital logic gates, RF
oscillator and low power amplifier circuits.

Digital data is transmitted by the switching of the carrier RF signal. On-off keying
modulation does not require complex and power hungry circuits. Amplitude shift
keying can be used as an alternative by using the ASK enable bit. If the corresponding
bit is in OOK mode, the amplifiers of the oscillators are switched depending on the
incoming data. When the oscillator amplifiers are closed, the transmitter almost does
not consume energy . In the ASK mode, the oscillator amplifiers that are open remain
in the open position regardless of the data. In this case, the data only adjust the gain
setting of the low-power amplifier.

Oscillators used for RF signal synthesizing, are one of the most power hungry circuits
in the RF chain. The losses of the resonators require high gain stages to ensure the
oscillation. High gain leads to high power consumption which can cause the data
losses. FBAR resonators are used in implantable RF transmitter circuits thanks to their
small size and high quality factors. The RF oscillator consists of a 3-stage amplifier
structure. The ability to adjust the gain and load capacities gives the transmitter
flexibility in terms of use.

As aresult, the aim of the project is to design a low-power RF transmitter suitable for
biomedical applications. According to computer simulations, electrical characteristics
of the circuit is suitable for biomedical application as well as the circuit size.
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BIOIMPLANTLAR ICIN DUSUK GUCLU RF VERICI

OZET

Giiniimiiz yariiletken teknolojisi, viicut icerisine ve dokulara yerlestirilebilecek
boyuttaki verici devrelerin tasarimina ve iiretimine olanak tanimaktadir. Boyut sinirina
ek olarak, Implant edilebilir devrelerin gii¢ kaynaklar1 da olduk¢a sinirhdir. Diisiik
giicli RF vericiler, sinirhi enerji kaynaklarina ragmen, diisiik giicte calisabilecek
sekilde tasarlanmalar1 sayesinde insan viicudundan elde edilen bilgileri dis ortama
kablosuz olarak aktarabilmektedir. ~ Veri aktarimimin cerrahi miidahaleye gerek
kalmadan tekrarlanabilir olmasi sayesinde viicutta meydana gelen degisiklikler siirekli
olarak takip edilebilecektir.

Projede, 2.5 GHz frekansinda calisan FBAR rezonatorlii diisiik giicli RF verici
tasarlanmigtr. 40nm CMOS teknolojisinde tasarlanan entegre devre icerisinde sayisal
mantik kapilari, RF osilator ve diisiik giiclii kuvvetlendirici devreleri bulunmaktadir.
Sayisal mantik kapilarindan olusan radyo kontrol devresi, giris bitlerine gore, osilatorii
ve diisiik giiclii kuvvetlendiricinin ¢alisma kosullarim degistirebilmektedir. Farkli
uygulamalar ve amaclar i¢in, farkli calisma modlar1 desteklenmektedir.

Projede tasarlanan vericide sayisal veri, tagtyici isaretin veriye gore anahtarlanmasiyla
iletilmektedir. Ac-kapa anahtarlamali modiilasyon ile verinin iletimi, gii¢ tiiketimi
yiiksek ve karmagik devrelere ihtiya¢ duyulmadan gerceklestirilebilmektedir. Genlik
kaydirmali anahtarlama secenegi, modiilasyon se¢im biti ile kullanilabilmektedir. Tlgili
bit a¢-kapa anahtarlamali modunda ise, osilatorlerin kuvvetlendiricileri gelen veriye
bagh olarak acilip kapatilmaktadir. Mesaj isareti ile birlikte osilatoriin de kapatildigi
durumda verici neredeyse hic enerji harcamamaktadir. Genlik kaydirmali anahtarlama
modunda ise, agik olan osilator kuvvetlendiricleri gelen veriden bagimsiz olarak agik
konumda kalmaktadir. Bu durumda gelen veri, sadece c¢ikis kat1 olarak kullanilan
diisiik giiclii kuvvetlendiricinin kazang ayarimi degistirmektedir.

RF isaret tiretimi i¢in kullanilan osilatorler, verici devrelerde en fazla giic tiiketimine
neden olan RF bloklarindan birisidir. Rezonator devrelerindeki kayiplar, yiiksek
kazanch kuvvetlendirici katlarina duyulan gereksinimi arttirmaktadir. Yiiksek kazang
yiiksek gii¢ tiikketimine neden olmakta, bu durum istenilen verinin aktarilamadan
devrenin kapanmasina sonuclanmaktadir. Bu nedenle diisiik kayipl, yiiksek kalite
faktoriine sahip rezonator yapilarina ihtiya¢ duyulmaktadir. FBAR rezonatorler, kiiciik
boyutlari ve yiiksek kalite faktorleri sayesinde implant edilebilir RF verici devrelerinde
kullanilmaktadir.  FBAR rezonatorler, iki elektrot metali arasina yerlestirilen
piezoelektrik malzeme ile iiretilmektedir. Kalite faktoriinii arttirmak igin, bu yap1
ile taban arasinda hava boslugu birakilmaktadir. Bu hava boslugu yap ile tabani
birbirinden ayirarak elektromekanik kuplajin azaltimasimi saglamaktadir. RF osilator
3 katmanl paralel kuvvetlendirici yapisindan olugsmaktadir. Her bir kuvvetlendiricinin
gecis iletkenlifi SmS olmak iizere, toplam gecis iletkendigi SmS araliklarla 15mS
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degerine kadar arttirilabilmektedir. Kazancin ve yiik kapasitelerinin ayarlanabilir
olmasi, vericiye kullanim alani agisindan esneklik saglamaktadir. Osilator devresinin
faz giiriiltiisii, yapilan benzetimler neticesinde 100 kHz 6tede -130 dBc/Hz olarak
Olctilmiistiir. Bu deger, literatiirdeki diger FBAR rezonatorlii osilator devreleri ile
karsilastirllmis ve harcadigr giice karsilik elde edilen faz giiriiltiisii agisindan diger
caligmalara gore avantaj sagladig1 gézlenmistir. FBAR rezonatorlerin devreye baglanti
telleri ile baglanmasi neticesinde, rezonatoriin karakteristiginde onemli degisiklikler
meydana gelmektedir. Baglant1 tellerinden gelen endiiktif etki, yeni yapinin empedans
karakteristiginde ek bir endiiktif bolge olusturmaktadir. Yeni olusan bolgenin endiiktif
olmasi nedeniyle, osilatoriin bu bolgedeki bir frekansta parazitik osilasyona girme
ihtimali bulunmaktadir. Osilatoriin bu bolgedeki kazang durumu da kontrol edilmis
ve ek bir onlem olarak, osilatoriin giris ve ¢ikigna ayarlanabilir kapasite eklenmistir.

Diisiik giiclii kuvvetlendirici, osilator ¢ikisindaki isareti ylik direncine en verimli
sekilde aktarmak icin tasarlanmistir. ~ Kuvvetlendiricinin yiiksek giris direnci
sayesinde, osilator cikisina, arada baska bir devre olmadan baglanabilmektedir.
Ek bir tampon devresine ihtiya¢ duyulmamasi, devrenin toplam gii¢ tiiketimini
azaltmaktadir. Disiik giiclii kuvvetlendiricinin azaltilmis iletim agisi, savak akimini
yarim siniis isareti sekline getirmekte ve harmonik bilesenler olusturmaktadir.
Cikista kullanilan empedans uyumlama devresi, tranzistdriin savaginda olusan
harmonik bilesenleri siizgecleyerek, yiike temiz bir siniizoidal isaret aktarimina
olanak tanimaktadir. Empedans uyumlama devresinde kullanilan endiiktansin kalite
faktorii ile kuvvetlendiricinin verimi arasinda dogrudan bir iligki vardir.  Ayrnk
devrelerde kullanilan endiiktanslar yiiksek kalite faktorlerine sahipken, entegre
devrelerde kullanilan endiiktanslarin kalite faktorler olduk¢a sinmirhidir.  Projede
empedans uyumlama devresinde kullanilan endiiktansin kalite faktorii yaklasik 10
olarak hesaplanmistir. Devrenin implant edilebilir sensorlerde kullanilacak olmasi
nedeniyle, tiimlesik bir yapida olmasi 6nemlidir. Bu nedenle devrede yiiksek kalite
faktorlerine ayrik endiiktans kullanilmamustir..

FBAR baglantilar1 ve RF cikis icin, projeye 0zel pad tasarimi gerceklestirilmigstir. RF
Padler, diisiik kapasite degerine sahip olacak sekilde tasarlanmistir. Devrenin herhangi
bir ESD olayindan etkilenmemesi i¢in, hem RF baglantilarina, hem de sayisal girislere
ESD koruma devreleri tasarlanmigtir. Sayisal girislerin ESD koruma devreleri, seri
diren¢ ve iki adet eviriciden olugsmaktadir. RF baglantilarin ESD korumasi ise, RF hat
izerinden besleme ve topraga yapilan diyot baglantilari ile saglanmisgtir.

Devrenin RF kisminin besleme gerilimi 0.8V, sayisal kisminin besleme gerilimi 1.1V
olarak belirlenmistir. Kontrol girigleri 1.1V sayisal girisleri desteklemektedir. RF cikig
giicii, uygulamaya uygun olarak, alic1 ve verici arasindaki link biit¢esine uygun olarak
tasarlanmigtir. Kisa mesafe haberlesmesinde kullanilacak olan bu devrenin ¢ikis giicii
-20 dBm olarak belirlenmigtir. Yapilan literatiir aragtirmasina gore, implant edilebilir
radyolarin ¢caligma mesafeleri 2 metreden az olmaktadir. Yapilan benzetimlere gore,
devrenin harcadig1 gii¢c yaklasik 450 uW olarak tespit edilmistir. Devrenin toplam
alan1 0.16mm? olarak hesaplanmis ve bu degerin, literatiirde karsilastirilan diger
diisiik giiclii verici boyutlarina gore oldukga diisiik oldugu goriilmiigtiir. Devrenin RF
cikigiin, 50€2 yiik direncine uyumlulugu da test edilmistir. Yapilan test neticesinde
geri doniis kaybinin 10 dB degerinden daha diisiik oldugu goriilmiistiir. Devrenin
calismasi i¢in ¢ip dis1 devre elemani olarak sadece FBAR rezonatoriiniin baglanmasi
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yeterlidir. Empedans uyumlama devreleri ve diger pasif elemanlar entegre devre
icerisinde gerceklenmistir.

Sonug olarak, projede biyomedikal uygulamalarda kullanilmaya uygun, diisiik giiclii
RF verici tasarimi hedeflenmistir.  Tasarlanan devrelerin bilgisayar benzetimleri
gerceklestirilmig, boyutunun ve elektriksel 6zelliklerinin de bu uygulamalar i¢in uygun
oldugu goriilmiistiir.
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1. INTRODUCTION

1.1 Purpose of Thesis

Wireless Body Area Networks (WBANSs) are the short range wireless networks that
provide continuous health monitoring. The network consist of different sensors which
are located to different parts of the human body. These sensors can be wearable or
implantable and each of them can be used for different purposes [3] [4]. The sensors
which are implanted in the body can be placed underneath the skin or in the blood
stream [5]. In this thesis, RF transmitter section of the implantable sensors will be

discussed and designed.

Low power RF transmitters are highly demanded for biomedical implants because
of the lack of energy sources. In addition to power consumption, circuit size is
another uncompromisable parameter for these applications. The proposed transmitter
is suitable for implantable biomedical applications in terms of circuit size and power
consumption. Such applications generally do not require high data rate and bandwidth.
Therefore, single carrier and OOK modulation are used to achieve reliable and efficient

communication.

The purpose of the thesis is to design an implantable low power RF transmitter and

clarify the design steps and parameters of the RF blocks in the transmitter chain.

1.2 Literature Review

Low power RF transmitters have been studied in different works. In [6], FBAR
oscillator based RF transmitter has been designed. The transmitter have three different
FBAR oscilator that oscillates in different frequencies in the 2.4 GHz frequency band.
Each FBAR oscillator and transmitter consumes 150uW and 440pJ/bit at -12.5 dBm,

respectively. In [7] and [8], the oscilation frequency of the FBAR oscillators is 1.9



GHz. The power consumption and output power of the transmitters are 1.1mW, -3

dBm and 3mW, 0 dBm, respectively.

1.3 Design Summary

The proposed transmitter consists of three main blocks: digital controller, oscillator
and low power amplifier as shown in Figure 1.1. Desired parameters are listed in Table

1.1.

Table 1.1 : Desired parameters for the implantable RF transmitter.

Parameter Value
RF Supply 0.8V
Digital Input Voltage 1.1V
Carrier Frequency 2.5 GHz
RF Output Power -20 dBm
Startup Time 4 us
Power Consumption < 1mW (Max)
Power Consumption <500 uW (Typical)
Off-Chip Components Only FBAR
Supported Modulations OOK, ASK
Circuit Size 0.16mm?
Output Return Loss <-10dB

The supply voltage of the transmitter is 0.8V and digital inputs are 1.1 V. The
transmitter should be compatible with the voltage level of the digital inputs. Level

shifters are used in Digital Controller subcircuit.

Carrier frequency is determined by the resonance frequency of the FBAR resonator. In

this transmitter, carrier frequency is 2.5 GHz which is one of the ISM frequencies.

RF output power is determined with the link budget between TX and RX devices
[9]. Operating range of the implantable radios are generally less than 2 meters [10].
According to various scenarios, Smartphones can serve as a receiver and control point

for transmitted medical data [11] [12] [13].

Startup time of the oscillator settles the data rate of the transmitter. Therefore, there is

a trade-off between data rate and power consumption.

The power consumption of the transmitter is different for its on and off states. When
the transmitter is on, the power consumption should be less than 1 mW. If the

probability of the transmitting ’1° and ’0’ is assumed equal to each other and there

2



is no power consumption in off state, typical power consumption becomes the half of

the maximum consumption.

Output of the transmitter should be matched to 50 Q. Poor impedance matching may

degrade the antenna characteristic and radiated power.

External interfaces of the transmitter are defined in Figure 1.1 and explained in Table

1.2.

FIN

FOUT

DATA

ASK

EN1 Digital

Controller
EN2

EN3

LPA

o
>
>

Oscillator

plainiay

SWCAP

0O O

VvDD_D VDD GND

Figure 1.1 : External interfaces of the RF transmitter

Table 1.2 : External interfaces of the RF transmitter.
Interface Name Description
VDD 0.8 VDC
VDD_D 1.1 VDC
GND oV
DATA Message Signal (Serial, 1.1 V)
ASK "1’ . ASK, ’0’ : OOK
EN1 "1’ : Enable, >0’ : Disable (1% Inverter)
EN2 ’1’ : Enable, ’0’ : Disable (2™ Inverter)
EN3 ’1” : Enable, ’0’ : Disable (3" Inverter)
SWCAP +200fF load capacitance to FIN and FOUT
FIN FBAR Connection
FOUT FBAR Connection
RFOUT RF Output, 50Q




1.4 Thesis Organization

This thesis is divided into five chapters. The first chapter introduces the project
overview and design parameters. Chapter 2 presents the theoretical background and
calculations of the RF transmitter subcircuits. Chapter 3 describes the design principles
and practical concerns of the low power RF circuit design. Simulation results of each
subcircuit will be given in this chapter. Final circuit layouts and simulation result after
integration is given in Chapter 4. Final chapter summarizes the project results and

points out the critical steps of the whole project.



2. LOW POWER RFIC TRANSMITTER

In this chapter, the general structure and circuit blocks of the low power RF integrated

transmitters will be defined.

2.1 Transmitter Structure

The basic function of the low power transmitter is to synthesize and amplify the signal
to send the data over the air. These transmitters are called as direct modulation
transmitters [14]. Figure 2.1 shows the general structure of the designed direct
modulation transmitter. There is no frequency conversion on the RF chain. Mixers
increase the current demand of the transmitter. Modulation of the message is applied

to the signal by switching the oscillator in OOK modulation.

Data & Data &
Control Bits Control Bits

+>

Radio
Controller

50Q

FBAR Low Power
Oscillator Amplifier

Figure 2.1 : General representation of the low power direct modulation transmitter.

Radio controller consists of the logic gates which reorganize to data and configuration

bits.

An FBAR oscillator is used to synthesize the RF signals. Because of the power
concerns of the transmitter, using FBAR resonator decreases the current demand to

start and sustain the oscillation.

2.1.1 Modulation

The transmitter supports ASK ve OOK modulations. These modulations do not
require complex circuits which consume much power. In amplitude modulation,

only amplitude of the signal is changed, leaving phase and frequency of the signal



is constant. According to Equation 2.1, A(z) is the digital baseband signal and the

frequency and phase is constant.

s(t) = A(t)cos(wet + ¢o) 2.1)

The modulation index of ASK modulation is calculated from the Equation 2.2. As
shown in Figure 2.2, A, and A, are the maximum and minimum signal magnitudes,
respectively. When the digital baseband input is logic high, the amplitude of the output
signal is A,4,. In the same way, when the digital baseband input is logic low, the

amplitude of the output signal is A,

(2.2)

AT mmf\f‘
1\ 1\

Figure 2.2 : RF waveform of the ASK modulation.

OOK modulation is the special case of ASK modulation. If the A,;, of ASK
modulation is 0, this type of modulation is called as OOK modulation. Therefore,

the modulation index of OOK is 1.

ASK and OOK modulations are phase independent and can be demodulated by

non-coherent receivers.

2.2 FBAR Oscillator

FBAR based Pierce oscillator is designed to synthesize 2.5 GHz RF signal. FBAR

resonators are useful to design low power oscillator because of their high quality factor



in small areas [15]. Pierce oscillators are generally used for integrated oscillators

because of their basic structures and grounded load capacitors.

2.2.1 FBAR Resonator

Different types of resonators have been used in RF oscillator design. LC and Crystal
resonators are widely used in discrete oscillator design. LC type resonators have
lower quality factor and temperature tolerance compared to crystal resonators. Both
of them are inappropriate for integrated designs. Acoustic resonators exhibit higher
performance in terms of quality factor, temperature tolerance and size. SAW and BAW
resonators convert the electrical signal to the acoustic wave??. BAW resonators have
higher quality factor and lower insertion loss at higher frequency range. Therefore,

FBAR resonator, a type of BAW resonator, is used to 2.5 GHz integrated oscillator.

FBAR resonators have one piezoelectric layer which is surrounded by two metal
electrodes which are Aurum (Au) or Chromium (Cr). The piezoelectric layer is
generally made from Aluminum nitride (AIN), zinc oxide (ZnO) or cadmium sulfide
(CdS). The air gap can be used to improve the quality factor. An air gap decreases
the electromechanical coupling to the substrate [16]. The crosssection of the FBAR

resonator is shown in Figure 2.3.

Top Electrode

Piezoelectric
Film

Bottom Electrode

Air Gap

Figure 2.3 : The crosssection of the FBAR resonator. [1]

FBAR resonators can be accuretely modeled using the Modified Butterworth Van Dyke
model as shown in Figure 2.4. The motional branch consists of L,,, C,, and R,,. Series
resonance frequency is a function of L,, and C,,. Cy resonates with the motional branch
at the parallel resonance frequency. The mBVD model accounts for dielectric and

ohmic losses using Ry and Ry resistances.

Series and parallel resonance frequencies are calculated using Equation 2.3 and
Equation 2.4. The resonance and antiresonance frequencies, at which reactance is

zero, are equal to series and parallel resonance frequencies respectively if the material
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Figure 2.4 : The mBVD model of the FBAR resonator.
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Figure 2.5 : Simulation setup to measure the impedance of the FBAR resonator.

losses are ignored [17].
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To obtain the impedance of the FBAR resonator, simulation setup shown in Figure 2.5
is used. Figure 2.6 shows the impedance of the FBAR resonator. For the frequencies
which are lower than series resonance and higher than parallel resonance , FBAR
resonator behaves like a capacitor. However, for the frequencies which are lower
than paralel resonance and higher than series resonance frequency , FBAR resonator
behaves like an inductor. In this frequency region, the impedance of the resonator
increases with the frequency. Phase condition of the Barkhausen criteria is satisfied
in the inductive region. According to Equation 2.5, the oscillation frequency is higher

than the series resonance frequency [1].
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Figure 2.6 : The impedance of the FBAR resonator (f; ~ 2476.9 MHz, f, ~ 2511
MHz).

C

Jose = fs 1+C_m (2.5)
T

In the equation, C,, is the modeled capacitance in the motional branch and C7 is the

total capacitance including Cy and other circuit and loading capacitors.

Coupling coefficient quantifies the difference between series and resonance frequency
as shown in Equation 2.6. For the AIN FBAR resonators, the typical value of the
coupling coefficient is %3 - %7. Large K; is more desirable for the oscillators which

have a wide tuning range [18].

_ TL'Z(fp _fs)

K2
1 4](:9

(2.6)

2.2.2 Pierce Oscillator

An oscillator circuit should satisfy the gain and phase requirements to sustain the
oscillation in steady-state condition. These requirements are called as Barkhausen

Criteria.



An oscillator circuit can be modelled as a linear feedback system as shown in Figure
2.7. In steady-state condition, the closed loop gain should be unity and total phase shift

should be an integer multiple of the 360° as stated in Equation 2.7 and 2.8.

Vin(. ) + t i
Jw Aljw) Vour(jw)

— Blw)

Figure 2.7 : Block diagram of a linear feedback circuit.

[A(jo)B(jo)| =1 27

/A(j@)B(j®) = n-360° 2.8)

There are different types of the crystal oscillator circuit in the literature. Pierce,
Colpitts, Butler and Clapp are the mostly used ones. Pierce oscillator is a derivative
of the Colpitts oscillator. The difference between the two structure is the choice of
the signal ground [19]. As shown in 2.8, feedback resistor, Rb, is used to bias CMOS
inverter to equalize the gate and drain voltages to VDD/2. Half supply voltage allows

to maximum swing at the output of the oscillator.

Rb

———WW\

ll

= C1 FBAR C2 ==

Figure 2.8 : FBAR based Pierce oscillator structure.

10



Three-point oscillator analysis is useful to calculate the negative impedance. As shown
in 2.9, the circuit is divided into two groups: passive RLC resonant circuit and active
circuit whose Z¢ is the input impedance of the active part . To satisfy the start-up
condition of the oscillator, the real part of the Z- should be 2 or 3 times lower than
-R,,. When the circuit reaches the steady-state, the real part of the Z¢ should be equal

to -R,;,.

C1

I
]
@]
N

Ro
Co Zc

RHl L m
Cl]l

Figure 2.9 : General form of the three-point oscillator circuit.

Equation 2.12 is used to calculate the input impedance of the active part of the
oscillator circuit [20]. Z;, Z; and Z3 are the impedance of the C;, C, and series
combination of the Ry and Cy, respectively. To minimize the real part of the Z¢, C;
and C; should be equal. As shown in Figure 2.10, if g,,, Cp and Ry are 10ms, 1.21pF
and 0.1Q, respectively, to obtain the minimum impedance C; and C; should be equal
to 600fF. It should be noted that calculations of the capacitors are performed with
100f steps as shown in Appendix A.1. C1 and C2 are loading capacitances which are

summation of fixed capacitors, tuning capacitors, CMOS and pad capacitances.

IR AVA R YA R R LYAVAYA!

Zc = (2.9)
W+ 2o +25+gnl1 2,
Z| = ! (2.10)
= JjoCy '

11



Re[Zc] @

Figure 2.10 : Negative resistance of the oscillator circuit impedance,Z¢ (g, = 10ms,
Co = 1.21pF, Ry =0.1Q).

In the oscillator circuits, increasing of the transconductance does not guarantee the
improved real negative impedance. As shown in Figure 2.11, there is an optimum

transconductance for the lowest real negative impedance.

Load capacitors are 600fF in Figure 2.11. However, optimum load capacitors may
exist for each transconductance. Therefore, min[Z¢] - transconductance graph is more

useful to reach the optimum power consumption.

12
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Figure 2.11 : Real part of the negative impedance is decreasing until the optimum
transconductance.
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2.3 Low Power Amplifier

Cascode amplifier structure is used as a low power amplifier for the transmitter. MO,
called as input device, produces the current proportional to the input voltage [21].
Because of the reduced conduction angle, there are current peaks in the drain current.
Matching network filter outs the harmonics and pure sinusoidal signal flow to the load

as shown in Figure 2.12.

In 40nm design, voltage difference between transistor terminals should be lower than
1V [21]. Cascode structure protects the transistors from voltage stress. In this project,
VDD remains below 1V, however; cascode structure is used to prevent the circuit from

unexpected conditions.

Voo

|
Reg |

C
Rout L1 “ L :
! I

° L
VDD
M1

S
1 iI°%

—l MO

1

Figure 2.12 : The cascode structure and tapped-capacitor matching network of the
low power amplifier [2].

The fundamental frequency component of the drain current, DC current, output
power and drain efficiency are calculated from Equation 2.13, 2.14, 2.16 and 2.18,

respectively [22].
I

Ipc = %(siny — ycosy) (2.13)
L = Id—d(2y — sin2y) (2.14)
2r
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The fundamental drain current calculated from Equation 2.14 flow through the
resistances seen at the node D. The fundamental current flows through the R, is

calculated using Equation 2.15.

Treq = Il( Rind || Rou ) (2 15)
“ Rind ” Rout +Req .
1 2 Rind “ Rout 2
Pou = =1 ( ) R. 2.16
o 2 ! Rind || Rour +Req “ ( )

n:Pout:l<I_l><VD)( Rind ||Rout )2< Req > (217)
Pdc 2 IDC VDD Rind H Rout +Req Rind ” Rout || Req .

n:1<1_1><VD)< Rin || Rou ) 2.18)

2\Ipc/ \Vpp/ \Ring || Rour + Req

R,.: 1s the output resistance of the cascode, R;,4 is the resistance of the inductor, V; is
the RF voltage at node D and 1, 1s peak drain current when conduction angle is 7. 2y

is the conduction angle.

The input voltage of the low power amplifier is large and switching the input device
continuously. Therefore, the low power amplifier can be considered as DC-RF
converter [23] [24]. Looking at the circuit from the energy flow point of view, the

input power is supplied from the DC voltage source.

DC RF
DC/RF Converter

Control Signal

Figure 2.13 : Input signal of the amplifier can be considered as control signal of the
DC/RF converter.

The tapped-capacitor impedance matching network design equations are given below

[25]. Tapped-capacitor structure and component names are shown in Figure 2.14.
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L= 2.19
Q (&-19)
Ry o
Cy — O \/IE(QZJFU 1 (2.20)
WoR R, .

C(05+1)
C = 2.21
' 00,- 02 22D

—— T

L1

Rin

——

Figure 2.14 : Tapped-capacitor resonator circuit as an impedance transformer.
FBAR oscillator is directly connected to the input port of the low power amplifier. This

connection increases the FBAR oscillator power consumption. However, eliminating

the buffer or driver stage leads to power consumption reduction.
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2.4 Digital Radio Controller

Digital radio controller makes the oscillator more flexible and suitable for different
applications. Transconductance, load capacitance and modulation type are adjustable
parameters. Digital circuit should meet the truth table requirements shown in Table

2.1.

The control bit of the load capacitors is directly connected to switched capacitors.

Therefore, SWCAP (1.1V) is not included to Table 2.1

Table 2.1 : Truth table of the digital radio controller
DATA (1.1V) ASK(1.1V) EN(1.1V) EN(0.8V) EN(0.8V)

0 0 0 0 1
1 0 0 0 1
0 1 0 0 1
1 1 0 0 1
0 1 1 1 0
1 1 1 1 0
0 0 1 0 1
1 0 1 1 0
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3. CMOS TRANSMITTER CIRCUIT DESIGN

The theoretical background of the transmitter has been given in Chapter 2. Design
steps of these stages using active and passive electronic components will be discussed

in this chapter.

3.1 Passive Components

Resistors are realized with P+ poly resistor without salicide which offers highest sheet
resistance in the process. The resistors with salicide have less sheet resistance than that
of the resistors without salicide. These resistors are used to apply the gate voltage to

the transistors.

MOM capacitors are used in the circuit for DC blocking and impedance matching.
MOM capacitor are implemented in standard CMOS process, does not need an
additional mask layer [26]. The parasitic capacitances between metal layers constitude
the total capacitance of the MOM capacitor. With the advances in CMOS technology,
the distance between metal layers are decreases, thus resulting in higher capacitance

density [27].

Integrated spiral inductors have low quality factor of approximately 10. The quality
factor is limited by the substrate losses and metal resistance. To reduce the metal

resistances, upper thick metal layers can be used [28].

The interconnects can be modelled by low-pass RC circuits. Equivalent resistance
is dependent on dimensions and material of the interconnect. Resistance of the
interconnect is calculated from Equation 3.1, using sheet resistance, Rg. Sheet
resistance is a function of bulk resistivity and thickness of the material as shown in
Equation 3.2. The bulk resistivity of the metals commonly used in electronics is listed

in Table 3.1.

) (3.1)



Ry =

P
7 3.2)

Table 3.1 : Bulk resistivity of the metals.

Metal Bulk Resistivity (u€2 * cm)
Silver (Ag) 1.6
Copper (Cu) 1.7
Gold (Au) 2.2
Aluminum (Al) 2.8

The capacitance of the interconnect is related with its dimensions and interval to the
substrate. Accoring to Equation 3.3, large connections and bottom layers have higher

parasitic capacitances.

C=¢— (3.3)

3.2 FBAR Oscillator

According to the negative resistance approach, to satisfy the gain requirement of the
oscillator, absolute negative resistance of the active circuit should be higher than the
resistance of the resonator. The required transconductance will be supplied from
self-biased CMOS inverter as shown in Figure 3.1. The total transconductance is the
sum of the transconductance of the PMOS and NMOS transistors which are using the
same current. By the help of this property of the CMOS inverter, supplied current is

used efficiently.

VDD
— [i M1
—A\ M\

Rb

Figure 3.1 : Self-Biased CMOS Inverter.
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To test the inverter, the simulation setup in Figure 3.2 is used. RF voltage signal is
applied to the input and output current is measured to find the transconductance of the

self-biased inverter.

Rb
A%

S pls
I

Figure 3.2 : The simulation setup of the self-biased inverter.

The three inverters will be used to adjust the total transconductance of the oscillator.
The transconductance of the one inverter is determined according to the losses of the
FBAR resonator. As simulated in the previous chapter, negative resistance is dependent
to load capacitors. Designed inverters have 5SmS transconductance as shown in Figure

3.3. Therefore, each transistor has 2.5 mS transconductance.

Transient Response

Name Wis

N i 15

I out 2
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=20
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Figure 3.3 : Input voltage and output current waveform of the self-biased inverter.

According to Equation 3.4, the transconductance of the transistor is proportional to
its square root of drain current. However, transconductance efficiency is not equal
for all values of the Ip. In low power applications, transistors should supply the

transconductance as efficiently as possible.

21



/ w
8m = 2.unC(chID (3.4)

To simulate the transconductance efficiency of the transistor, the setup shown in Figure

3.4 is used.
VDD ?
MO =

Figure 3.4 : Simulation setup to obtain the transconductance efficiency of the
MOSEFET.

_|

As shown in Figure 3.5, transconductance efficiency is higher in low voltages.
However, transconductance is much smaller in this operation region. To obtain higher
transconductance at the same voltage, the width of the transistor can be increased.
To equalize the transconductance of the NMOS and PMOS, the width of the PMOS

transistor should be high than that of NMOS transistor.

Name

Mgm

2504 ~30.0
MWgm/i0 ) I

20.0
15.0

10.0

gm {mS)

50

0.0 et 50

5.0 - —-0.0
T 7 T T T T T T T T T T T T T T T T T T

0.0 25 5 75 1.0 1.25
VDD

Figure 3.5 : gm and gm/ID curves of the NMOS transistor used for oscillator inverter.

After the transistor dimensions are determined, FBAR resonator and load capacitors
have been calculated from the previous section are connected to the active circuit.

Simulation is performed under different transconductance values with SmS steps.
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Figure 3.6 : Three parallel inverter used to adjust the transconductance of the
oscillator.

As shown in Table 3.2, there are two different capacitor values for each
tranconductance value. The smaller capacitor refers to minimum power dissipation

for acceptable settling time.

Table 3.2 : Dissipated power and settling time according to load capacitance.

Transconductance Ci=CG=(C, Ppc Settling Time
15 mS 300 fF 483.8 uW 2.2 us
15 mS 800 fF 632.1 uW 1 us
10 mS 300 fF 418.6 uW 2.3 us
10 mS 600 fF 506.5 uW 1.6 us
5 mS 300 fF 290.4 uW 16 us
5mS 400 fF 320.1 uW 18.5 us

Figure 3.7 and 3.8 shows the transient characteristic of the oscillation signal. Supply
voltage applied at 100ns and oscillation starts to grow until the saturation of the

transistors. The more negative resistance, the less settling time.
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Figure 3.7 : The settling time is approximately 2.2 us (g, = 15mS, C=C>=300fF)
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Figure 3.8 : The settling time is approximately 1 us (g, = 15mS, C;=C,=800fF)

According to the time constant, Equation 3.5, the setting time of the oscillation can
be improved by increasing the negative resistance of the circuit. The drawback of the

improved setting time is increased power consumption.

Ly,

Texp = —Im 3.5)
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The setting time of the oscillator can be calculated from the time constant using
Equation 3.6. For L,,=123.5 nH, R,, = 1.424Q and Re[Z¢] = —3.695Q from Figure
2.11, T,xp is calculated as 54.38 ns. If it is assumed that Vi, is 11V, the settling

time is calculated as 12.9 - 7.y, = 0.7us.

Vfinal = Vinitial * et/T (3.6)

Simulated phase noise performance of the oscillator is shown in Figure 3.9. The noise
of the oscillator circuit changes the amplitude and phase of the output signal. However,

phase noise dominates the oscillator performance instead of the amplitude fluctuations

[29].
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Figure 3.9 : Simulated phase noise of the oscillator.

The phase noise performance of the oscillator is compared with other FBAR oscillators

published in literature in Table 3.3.

FBAR resonators are off-chip components and should be connected to the circuit using
bondwires. Bondwires are modelled by series inductor and resistor which models
the finite quality factor of the inductor. In Figure 3.10, the model of the bondwires
is included in the FBAR resonator model. These bondwires add additional series
resonance and inductive region. The inductive region comes from the bondwires can

cause the parasitic oscillation. The shorter bondwires are more desireable.
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Table 3.3 : Phase noise comparison of the FBAR oscillator to previously published

work.
Ref. Josc Power Phase Noise
(GHz2) (LW) @ 100 kHz Offset

This Work 2.5 506.5 -130 dBc/Hz

[1] 1.5 1020 -133 dBc/Hz

[30] 2.0 25 -121 dBc/Hz

[31] 1.9 300 -120 dBc/Hz

[32] 1.9 89 -120 dBc/Hz

woa 4I—A/\/\/\—|—u—/—‘ }—I—I—/—//K\O/\—Ii woa
Dot T A A\ e =00

e\ /\ s . I‘l -

Figure 3.10 : Simulation setup to measure the effect of the bondwires.

Figure 3.11 shows the effects of the bondwires and three different situations ,which are
no inductance, 0.5 nH and 1 nH for each bondwire, is performed. It is obvious from the

results that bondwires shifts the series resonance frequency to the lower frequencies.

FBAR Impedance With Bondwires

10000 -4 No Bondwire (Ohm)
- -5 0.5nH, Two Bondwires (Ohm)
1000 £+ 1nH, Two Bondwires (Ohm)
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2 100
©
o
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Q.
=
10 m1: 2511 MHz m2: 2476.9 MHz
1801.9 Ohm 2.2357 Ohm
m3: 2463 MHz md: 2432.2 MHz
2.3267 Ohm 2.6869 Ohm
1
2400 2450 2500 2550 2600

Frequency (MHz)

Figure 3.11 : The impedance characteristic of the FBAR resonator.
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The most critical effect of the bondwires is the additional inductive region which is
shown in Figure 3.12. The oscillator might start the oscillate in this higher frequency
region. If the parasitic oscillation exists, load capacitors should be increased to
overcome this problem.In this design, switched capacitors are added to input and

output of the oscillator. In addition, bond wires should be as small as possible.

FBAR Impedance With Bondwires (Wideband)

10000
-5~ No Bondwire (Ohm)
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10 4 == — m1: 3290 MHz
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2400 4400 6400 8400 10000

Frequency (MHz)
Figure 3.12 : The Wideband impedance characteristic of the FBAR resonator.
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3.3 Low Power Amplifier

A Low power amplifier is designed as shown in Figure 3.13. The impedance seen
by the transistor through the load is directly affecting the efficiency of the amplifier.
However, due to the low quality factors of the on-chip inductors, maximum achievable

impedance is limited.

VDD

3.8nH

VDD |

14
4' MO - -

Figure 3.13 : Cascode low power amplifier.

Figure 3.14 shows the input impedance of the designed tapped-capacitor circuit. The
matching network is resonating at 2.5 GHz to filter out the harmonics and to get higher

impedance at the operating frequency.

To bias the transistor, voltage is applied to the gate terminal via a resistor as shown
in Figure 3.15. However, because of the time constant of the gate terminal, the gate

voltage cannot follow the bias voltage.

The transient response of the gate voltage is simulated for two different resistor values
which are 10kQ and 100kQ. According to Figure 3.16, the setting of the gate voltage

takes more time for higher resistor values.

The gate of the transistor biased at 300mV when input data is logic high. Under this

condition, the output power is 30 uW and DC power consumption is 430 uW.
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Figure 3.14 : Input impedance of the tapped-capacitor matching network.

!

Figure 3.15 : Non-ideal characteristic of the gate biasing due to the time constant.

Transient Response
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Figure 3.16 : The simulation of the gate voltage for two different resistor values.
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Output impedance of the amplifier should be matched to 50  to minimize the output

return loss. According to Figure 3.17, the output return loss, S»;, is approximately -14

dB.

Name

I s22 dB20

0.

-1

-1

1

S-Param (dB)
2y
n
L

0 o

0.0

2.5

5.0

freq (GHz)

Figure 3.17 : Output return loss of the low power amplifier.

The oscillator is directly connected to the amplifier without any buffer or pre-driver

circuit. Therefore, input impedance of the amplifier loads the previous stage. As

shown in Figure 3.18, input impedance is high, consequently the oscillator can sustain

the oscillation.
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Figure 3.18 : Input impedance of the low power amplifier.
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3.4 Digital Radio Controller

The characteristic and purpose of the digital radio controller have been defined in the
previous section. The designed circuit according to requirements is shown in Figure
3.19. It should be noted that the voltage of the logic inputs is higher than the output
voltage requirement. In addition to bit operations, the digital circuit is used as a level

shifter. The supply voltage of the logic gates is 0.8V.

DATA
(1.1v) ENI
- (0.8v) -
(1.1v) (0.8V)
EN
(1.1v)

Figure 3.19 : The logic circuit of the digital radio controller.

When the inverter is enabled, either enable bit follows the data signal or fixed to logic
high voltage. This behaviour of the circuit is controlled by the ASK input bit. If the
OOK modulation is selected (ASK = ’0’), message signal, or oscillator inverters, is
enabled or disabled according to the value of the data signal. It is clearly shown that in
Figure 3.20, ENABLE signal follows the data signal and the logic level shifted to 0.8V
from 1.1V.

Transient Response
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Figure 3.20 : EN1 output of the digital radio controller when ASK is ’0’.
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If the ASK modulation is selected (ASK = "1"), the output of the enabled oscillators is
constantly logic high. As shown in Figure 3.21, ENABLE signal does not follow the

data signal and output is constantly logic high.

Transient Response
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Figure 3.21 : EN1 output of the digital radio controller when ASK is "1°.

3.5 ESD Protection

Electrostatic discharge causes harmful events for the integreted ciruits if ESD
protection circuit is not available inside the chip. To overcome this problem, ESD
protection circuits should be used. The external interfaces of the circuits are connected
to chip pads. The capacitances of the analog pads is so high to RF signals. Therefore,
RF pins are connected to pads via designed ESD protection circuit shown in Figure

3.22.

If there is a voltage spike in RF pin with NS mode, NDIO diode operates under
forward-biased condition. However, with PD mode, PDIO diode operates under

forward-biased condition [33].

Digital pads in the process connected to digital input ports of the circuit. To improve
the ESD immunity, an additional circuit is designed. The ESD protection circuit for

the digital inputs is shown in Figure 3.23.
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Figure 3.22 : ESD protection circuit for RF inputs and outputs.

Digital Digital
Input Output

200Q
Figure 3.23 : ESD protection circuit for the digital inputs.
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4. INTEGRATION OF SUBCIRCUITS

4.1 Transmitter Layouts

Schematic based simulations do not exactly shows the final performance of the
circuit even if all electronic components are modeled devices. The main reason for
the differences between layout and schematic simulation is the interconnects. The
interconnects can be modeled with a series resistor and shunt capacitor. Therefore, the

frequency response of the interconnects is similar to the low-pass filters.

Figure 4.1 shows the oscillator layout without load capacitances. Load capacitances
are added to the circuit at the last step of the design. Each inverter has two digital input
(EN and EN) connected with metal interconnects colored as yellow and located at the

bottom of Figure 4.1.

=& T

-

;L__J

£ T

I

Figure 4.1 : 2.5 GHz Pierce oscillator layout without load capacitances.

As shown in Figure 4.2, the layout of the low power amplifier,the inductor is the most

area consuming component.
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Figure 4.2 : Low power amplifier layout.

The gate terminals of the transistors used at the input logic gates are directly connected
to pads. To protect the circuit from ESD events, resistor and buffer circuit is added to

the inputs of the logic gates as shown in the right side of Figure 4.3.
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Figure 4.3 : Digital radio controller layout.

In Figure 4.4, all subcircuits and loading capacitors are connected to each other.

The transmitter is located inside the chip and pad connections are performed as shown

in Figure 4.5
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A

Figure 4.5 : Pad connections of the RF transmitter.

4.2 Transmitter Simulation

The low power RF transmitter is simulated after the integration of all subcircuits.
During the final simulations, the transmitter is supplied from an LDO regulator. As
shown in Figure 4.6, Supply voltage, VDD, of the circuit is changing with the supply

current.
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Figure 4.6 : Simulation result of the final transmitter layout (Voltage supplied from
the LDO regulator).

Desired values and simulation result are listed in Table 4.1.

Table 4.1 : Desired parameters and simulated results for the implantable RF

transmitter.
Parameter Desired Value Simulated Value
RF Supply 0.8V 0.8V
Digital Input Voltage 1.1V 1.1V
Carrier Frequency 2.5 GHz 2.5 GHz
RF Output Power -20 dBm -18 dBm
Startup Time 4 us 2 us
Power Consumption (Max) < 1mW 900 uw
Power Consumption (Typical) <500 uw 450 uw
Off-Chip Components Only FBAR Only FBAR
Supported Modulations OOK, ASK OOK, ASK
Circuit Size 0.16mm* 0.16mm*
Output Return Loss <-10dB -14 dB
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The simulated values of the transmitter is compared with the other FBAR based

transmitters in Table 4.2.

Table 4.2 : Comparison of the transmitter with other FBAR based transmitters in

literature.
Parameter This Work [6] [7] [8]
CMOS Tech. 40nm 65nm 0.13um 0.13um
Carrier Frequency 2.5 GHz 2.4 GHz 1.9 GHz 1.9 GHz
RF Output Power -18 dBm -12.5 dBm -3dBm 0 dBm
Data Rate 500 kbps 1 Mbps 83 kbps 50 kbps
DC Power (Max.) 900 uw 468 uw 2.2 mW 6mW
DC Power (Typ.) 450 uw N/A 1.1 mW 3mW
Circuit Size 0.16mm? 0.324mm? 0.4mm? 0.3mm?
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5. CONCLUSIONS

In this thesis, low power RF tranmitter for bioimplants is desinged and simulated.
Design steps have been clearly indicated in previous Chapter 2 and Chapter 3. Final
simulation results after the integration of all subcircuits are obtained and compared
with desired results in Chapter 4. It is clearly seen that designed transmitter is suitable
to use for bioimplants. In addition, this work has been compared with other low power
transmitters proposed in the literature in Table 4.2. DC power consumption of the
simulated transmitter is lower than that of [7] and [8]. From this point of view, limited
energy sources of the transmitter is efficiently used to transmit the health data. Circuit

size of the transmitter is much lower than that of the other works.
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APPENDIX A.1

clc;clear;

C1=(0:0.1:2)*1e-12;
C2=(0:0.1:2)*1e-12;

[C11,C22] = meshgrid(C1,C2);
RO =0.1;

CO=1.2le-12;

gm = 10e-3;

fo =2.5e9;

wo = fo*2%pi

Z1 = 1./(j*wo*Cl11);
72 = 1./(j*wo*C22);
723 =RO0 + 1./G*wo*CO0);

2C = (L1.%23 + 22 *¥23+gm . *Z1 %72 *723) /(Z1+22+Z3+gm . *Z1.%Z2);

figure
surf(C11,C22,real(ZC))
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APPENDIX A.2

clc;clear;

C1=0.5*1e-12;
C2=0.5*1e-12;
gm=(0:1:50)*1e-3;

RO=0.1;
CO=1.21e-12;

fo =2.5e9;
wo = fo*2%pi;

Z1 = 1/(j*wo*C1);
72 = 1/(j*wo*C2);
73 = RO + 1./(j*wo*CO);

ZC = (Z1*Z3 + Z2+Z3+gm.*Z1%Z2*Z3) J(Z1+Z2+Z3+gm.*Z1*Z2);

figure plot(gm,real(ZC), -*’)
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APPENDIX A.3
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Figure A.1 : RF section of the implantable RF transmitter.
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