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RF CMOS power mixer design for short range wireless applications with focus on polar modulation

Anna-Maria Lann

This thesis work is a circuit design of a RF CMOS power mixer that should be used for short range
wireless applications, like Bluetooth. The power mixer should also be used for polar modulation
technique.
In RF communication systems, data transportation between nodes is done by adjusting frequency, phase
or amplitude characteristic of a sinusoidal carrier. In systems this is performed with a modulator.
Today�s Bluetooth transmitters use quadrature modulators. The polar modulator is an alternative
architecture that can reduce current consumption, which is of particular importance in wireless
communication systems like Bluetooth. 
The designed RF CMOS power mixer is part of the polar modulator and converts an incoming low
frequency signal to a high radio frequency signal. The power mixer designed is implemented as a
Gilbert mixer, which is a mixer architecture preferred in RF circuit design. The power mixer is designed
with variable gain control and high output power and designed to fulfil specified targets. Schematic and
layout design are performed using Cadence and simulated using SpectreRF. The power mixer is
designed in Infineon�s 0.13 ìm CMOS technology process C11N. 
Schematic and layout simulations prove the final functionality of the power mixer designed, that reduces
the total current consumption in comparison with the modulator that is used today in Infineon�s
Bluetooth modulator.

CMOS, circuit design, mixer, polar modulation
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ABSTRACT 

 

This thesis work is a circuit design of a RF CMOS power mixer that should be 
used for short range wireless applications, like Bluetooth. The power mixer 
should also be used for polar modulation technique. 

In RF communication systems, data transportation between nodes is done by 
adjusting frequency, phase or amplitude characteristic of a sinusoidal carrier. In 
systems this is performed with a modulator. Today’s Bluetooth transmitters use 
quadrature modulators. The polar modulator is an alternative architecture that 
can reduce current consumption, which is of particular importance in wireless 
communication systems like Bluetooth.  

The designed RF CMOS power mixer is part of the polar modulator and 
converts an incoming low frequency signal to a high radio frequency signal. 
The power mixer designed is implemented as a Gilbert mixer, which is a mixer 
architecture preferred in RF circuit design. The power mixer is designed with 
variable gain control and high output power and designed to fulfil specified 
targets. Schematic and layout design are performed using Cadence and 
simulated using SpectreRF. The power mixer is designed in Infineon’s 0.13 µm 
CMOS technology process C11N.  

Schematic and layout simulations prove the final functionality of the power 
mixer designed, that reduces the total current consumption in comparison with 
the modulator that is used today in Infineon’s Bluetooth modulator. 



   

  

 

SAMMANFATTNING 

 

Detta examensarbete är design av en RF CMOS mixer med integrerad 
effektförstärkning, avsedd för trådlösa kommunikationssystem med kort 
räckvidd, såsom Bluetooth. Mixern är också avsedd för polär 
modulationsteknik. 

Digital datatransportering i RF-kommunikationssystem utförs genom att ändra 
frekvens-, fas- eller amplitudkaraktäristik hos en sinusformad bärvåg. I 
kommunikationssystem åstadkoms detta av en modulator. Dagens Bluetooth-
sändare använder så kallade ”quadrature modulators” för datatransportering. 
Den polära modulatorn är en alternativ arkitektur som kan minska 
strömförbrukningen, vilket är en stor fördel i trådlösa kommunikationssystem 
som Bluetooth. 

Den designade RF CMOS mixern utgör en del av den polära modulatorn som 
konverterar en lågfrekvent inkommande signal till en radiofrekvent signal. Den 
designade mixern kallas IRMA och är implementerad i en fördelaktig 
mixerarkitektur som kallas Gilbertmixer. Mixern är designad med varierbar 
förstärkning och för hög uteffekt och designad enligt specificerade krav. RF 
CMOS mixern är designad i Infineons 0.13 µm CMOS teknologi process C11N. 
Cadence är använt för schema- och layoutdesign som är simulerad med 
SpectreRF. 

Simuleringar på både schema- och layoutnivå visar att den designade 
effektförstärkar-mixern reducerar den totala strömförbrukningen jämfört med 
modulatorn som används i dagens Bluetooth modulator. 
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1 INTRODUCTION 

This chapter is an introduction to the thesis work and contains parts like 
purpose, background information and a list of frequently used abbreviations.  

1.1 Purpose 

The purpose of the thesis work is to design a transmitter RF (radio frequency) 
CMOS mixer with variable gain control and high output power. The mixer is 
meant for Bluetooth applications and for polar modulation. The mixer should 
fulfil the requirements specified in the design specification attached in Appendix 
A. 

1.2 Method 

Literature study about mixer theory and design has been an introduction to the 
thesis work, which has continued by schematic mixer design using a top-down 
concept. Top-down design means design of the mixer top level schematic and 
further design of top level consisting sub schematics. The final top level 
schematic with bias and buffer circuits is also implemented in layout. For layout 
an opposite bottom-up concept is used. That means block wise layout design 
from the “bottom” of the schematic. Iterated simulations during schematic 
design and final simulations on layout level verify the mixer specification. The 
mixer is designed in Infineon’s 0.13 µm CMOS technology process C11N. 
Design is made in Cadence and simulations are performed using SpectreRF. 

1.3 Background 

In RF communication systems, data transportation between nodes is usually 
done by adjusting frequency, phase or amplitude characteristic of a sinusoidal 
carrier. In systems this is performed with a modulator. Today’s Bluetooth 
transmitters use quadrature modulators and three modulation techniques to 
enable high data rate. Quadrature modulation techniques generate time 
dependent modulated I and Q signals that are inputs to two separate 
upconversion mixers. After upconversion the summed signals are amplified 
through a power amplifier (PA) to achieve the power required at the antenna 
[4].  

Battery life is of particular importance in many cordless applications, like 
Bluetooth [2]. Alternative architectures that can reduce the total current 
consumption is therefore of great interest. Integration of PA in the mixer while 
using it for polar modulation, instead of quadrature modulation, can reduce the 
total current consumption.  

1.4 Delimitations 

The circuit to be designed includes  

! Mixer 
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! V/I conversion 

! LO buffer 

! Bias circuit 

! OP amplifier 

The mixer and V/I conversion are the core of the thesis work. LO buffer is 
designed by reuse and changes of an already existing schematic. During 
schematic design ideal temperature dependent current sources have been 
used for biasing. In the end of the schematic design a designed bias circuit, 
generating bias currents to different blocks, have replaced the ideal current 
sources. The OP amplifier is not designed, but is a total reuse of a previous 
schematic. Design of additional components needed at the top level and in the 
test bench are not included in the thesis work, but are existing components 
taken from particular component libraries.  

Stability is a concept usually investigated in circuit design. To limit the design 
work due to limited time, stability considerations and simulations are not 
included in the mixer design.   

1.5 Structure of the report 

Chapter 1 gives the purpose and background to the thesis work. To give more 
theoretical background before entering the design section Chapter 2 and 3 give 
a description about Bluetooth transmitters and different modulation techniques. 
Chapter 4 gives a theoretical description of a mixer. The power mixer is 
realized using CMOS technology, therefore some theory about CMOS design 
is described in Chapter 5. The design specification for the RF CMOS power 
mixer is presented in Chapter 6 and the core of the thesis work, power mixer 
design, is described in Chapter 7 and 8. Schematic mixer design is the topic in 
Chapter 7, while layout design is presented in Chapter 8. Each design chapter 
includes results and conclusions. Finally, summarized conclusions and future 
directions are discussed in Chapter 9.  
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1.6 List of abbreviations 

 

AC  Alternating Current 

BalUn  Balanced- Unbalanced 

CMOS  Complementary- Metal- Oxide- Semiconductor 

DAC  Digital to Analog Converter 

dBm  Power level in decibel (dB) relative to 1 mW 

DC  Direct Current 

DRC  Design Rule Check 

ERC  Electrical Rule Check 

FET  Field Effect Transistor 

GC  Conversion Gain 

GFSK  Gaussian Frequency Shift Keying 

gm  Transistor transconductance 

Id  Drain current 

IF  Intermediate Frequency 

IM  Intermodulation Products 

ISM  Industrial Scientific Medical 

LO  Local Oscillator  

NMOS  N-channel Metal- Oxide- Semiconductor 

OMN  Output Matching Network 

PA  Power Amplifier 

PLL  Phase Locked Loop 

PMOS  P-channel Metal- Oxide- Semiconductor  

PSK  Phase Shift Keying 

PSS  Periodic Steady State 

RF  Radio Frequency 
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RL  Load resistor 

Vds  Drain-Source voltage 

V/I conversion Voltage to Current conversion 

Vgs  Gate-Source voltage 

Vtn  Threshold voltage for n-channel transistor 

π/4 DQPSK  π/4 Differential Quaternary Phase Shift Keying 

8DPSK  8 Differential Phase Shift Keying 
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2 BLUETOOTH TRANSMITTERS 

Some information about Bluetooth is subject for this chapter. 

2.1 About Bluetooth  

Bluetooth technology is an IEEE standard with standard no 802.15.1, for 
wireless networking of small peripheral. The wireless technology is used in 
many applications, for example wireless headsets for mobile phones. Bluetooth 
enables a user to replace cables between devices such as printers, desktop 
computers and many other digital devices. Bluetooth transmitters enable 
communication between devices up to a maximum distance of 100 meters [1]. 

Bluetooth devices operates in the unlicensed 2.4 GHz ISM band, for Industrial 
Scientific Medical. The operating frequency band is 2400 – 2483.5 MHz. 79 RF      
1 MHz channels are spaced at the frequencies f = 2402 + k MHz where k=0,…, 
78. At the lower and upper band edge a few MHz are used as guard band [3].  

The unlicensed ISM band is free to use if the transmitted power is sufficiently 
low. In connection, output power shall not exceed 4 dBm. Devices are 
classified into three power classes. If the transmitted power level is over 4 dBm, 
classified as power class 1, devices must implement power control for limiting 
the transmitted power. Power control for power class two, devices having a 
maximum output power of 4 dBm, is optional and could be used for optimizing 
power consumption [3].  

Bluetooth employs frequency hopping for access. Frequency hopping means 
that the carrier frequency is “hopped” between frequencies according to a 
chosen code, avoiding interference with other devices. Transmission only 
remains on a given frequency for a short time, and if any interference is present 
data will be re-sent when the signal has changed to a different channel which is 
likely to be clear of other interfering signals [1]. 
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2.2 The transmitter 

The objective for digital communication systems is to transport digital data 
between two or more nodes. In RF communication systems this is usually 
achieved by adjusting frequency, phase or amplitude (or combinations of them) 
characteristics of a sinusoidal carrier. In systems this is performed with a 
modulator at the transmitting end and a demodulator at the receiving end, 
detecting the modulated signal on reception [4]. Bluetooth transmitters use 
three modulation techniques to enable high data rate. Modulation techniques 
are further described in Chapter 3. One modulation technique is Gaussian 
Frequency Shift Keying, GFSK, which allows a data rate of 1Mbps known as 
the basic data rate. The medium rate radio is an optional data rate 
enhancement to the basic data rate. Medium data rate is achieved with 
alternative modulation techniques called π/4 DQPSK (π/4 Differential 
Quaternary Phase Shift Keying) and 8DPSK (8-ary Differential Phase Shift 
Keying). π/4 DQPSK allows a maximum data rate of 2 Mbps while 8DPSK 
enables a data rate of 3 Mbps [2]. 

A Bluetooth transmitter is a direct conversion transmitter, which means that 
data is transformed to radio frequency in one conversion. A block 
representation of one possible transmitter structure is shown in Figure 2.1. As 
the figure shows, digital data is processed through a base band modulator. The 
mentioned modulation techniques transmits complex symbols represented by I 
and Q signals, which will be further described in Chapter 3. Parallel data is 
converted to analog I(t) and Q(t) signals through digital to analog converters 
(DAC). Time dependent I(t) and Q(t) signals are then separately mixed with a 
carrier frequency called the local oscillator frequency (LO frequency). The 
upconverted modulated signals are summed and amplified by a PA to achieve 
the power required to the antenna. The transmission through the antenna is 
preceded by a band pass filter, selecting the band of interest [4].  

 

 

Figure 2.1 One possible Bluetooth transmitter structure 

The following chapter gives a general description about modulation techniques 
in general and those used for Bluetooth. 
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3 MODULATION TECHNIQUES 

Modulation converts a baseband signal (zero frequency) to a passband 
counterpart (non zero frequency). In modulation, parameters like amplitude, 
frequency and phase of a radio frequency wave called the carrier, is varied 
according to the baseband data [5]. In this chapter quadrature and polar 
modulation techniques are presented. 

3.1 Quadrature and polar modulation 

PSK is one example of a digital modulation technique where a finite number of 
phases are used to represent different unique patterns of binary data bits. Each 
phase encodes an equal number of bits (M bits) and the unique pattern forms 
the symbol that is represented by the particular phase. QPSK is a PSK 
modulation that uses four points on a constellation diagram to represent four 
symbols. The so called I/Q constellation diagram is shown in Figure 3.1. As 
seen in the diagram four phases are used to encode two bits per symbol. In the 
figure, Q is called the quadrature-phase and I is called the in-phase [6].  

 

Figure 3.1 I/Q constellation diagram for QPSK also showing polar representation of a symbol 

Advantage of grouping bits into symbols is that you can transmit the symbols at 
a rate that is 1/Mth the rate of the original bit stream. Symbol representation 
also reduces the bandwidth that the transmitted data occupies. QPSK 
representation shown in Figure 3.1, is made in the rectangular plane with I and 
Q as x and y axis. Any symbol can also be represented in the polar plane by a 
polar point Pij represented by a magnitude r(t) and phase θ(t), as shown in the 
figure. Polar coordinates can easily be converted to rectangular coordinates 
using the equations (3.1). Note that the symbol representation is time 
dependent, meaning that the point P in the figure is represented by time 
dependent variables r(t) and θ(t) [7]. 
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Figure 3.2 shows a so called quadrature modulator that can be used for QPSK 
modulation. Encoded I(t) and Q(t) signals that are described in equation (3.1) 
and in the I/Q constellation diagram in Figure 3.1 are input signals to the 
modulator. In the quadrature modulator the incoming phase modulated I(t) and 
Q(t) signals are mixed with a carrier signal. Mixing can be seen as a 
multiplication process, a multiplier symbol is therefore used in the figure. The 
output from the quadrature modulator can mathematically be written as 

)sin()()cos()()( ttQttItg cc ωω +=            (3.2) 

Substitutions for I(t) and Q(t) in equation (3.2) with equations (3.1) and using 
mathematical identities, yields equation (3.2) in a more compact form shown in 
equation (3.3) [7]. 

))(cos()()( tttrtg c θω −=     (3.3) 

 

Figure 3.2 Quadrature modulator 

In equation (3.3), r(t) and θ(t) is the polar representation of the original 
rectangular represented information that I(t) and Q(t) carry and in the equation 
it can be seen that the carrier signal is modulated by a phase shift. This result 
leads to a direct method of polar modulation used for a polar modulator shown 
in Figure 3.3. The transmitted information can be applied in polar form instead 
of coding it rectangular. By inspection of Figure 3.3 it can be seen that the 
output signal z(t) is equal to the output from the quadrature modulation, which 
one more time shows the equivalency of the two modulations [7].  
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Figure 3.3 Polar modulator 

One advantage with the polar modulator is that only one mixer is required.  

3.2 Modulation techniques for Bluetooth 

Bluetooth uses three different digital techniques for sending different data. 
Those modulation techniques are GFSK, π/4 DQPSK and 8DPSK. All 
mentioned techniques make use of quadrature modulation. The baseband 
modulator seen in Figure 2.1 generates different time dependent I(t) and Q(t) 
signals depending on modulation technique. I(t) and Q(t) signals are then 
multiplied with the carrier signal, generating different modulated outputs [4].  

! GFSK modulates the carrier by a frequency. A binary one is represented 
by a positive frequency deviation and a binary zero is represented by a 
negative frequency deviation [3]. For GFSK only the two mentioned 
possibilities are available and results in a basic data rate of 1 Mbps. For 
GFSK the amplitude information is constant, while it only uses different 
frequency deviations to modulate the carrier [4]. 

! π/4 DQPSK is a phase modulation where a symbol consisting of 2 bits 
generates four possible symbol constellations, for each time unit, in the 
rectangular plane. The modulation technique is shown in Figure 3.4. In 
π/4 DQPSK the signal set consist of two QPSK schemes, one rotated by 
π/4 with respect to the other. Modulation is then performed by 
alternately taking the output from each QPSK generator. Possible phase 
angles are ± π/4 and ± 3π/4. This modulation technique offers more 
possibilities, thereby increasing the data rate compared to GFSK to 2 
Mbps. In Figure 3.4, the pink arrow represents a jump between two 
symbols and as seen in the figure, the amplitude information is not 
constant during those jumps [4].  
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Figure 3.4 π/4 DQPSK  

! 8DPSK is the last mentioned modulation technique which further 
increases the data rate to 3 Mbps, while eight possible symbols exists 
for each time unit. As shown in Figure 3.5, eight phases are used to 
represent 8 different symbols and as for π/4 DQPSK the amplitude 
information will change during jumps between symbols [4]. Jumps 
between different symbol representations are shown by the pink arrows 
in the figure. 

 

Figure 3.5 8DPSK  
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4 MIXER - THEORETICAL DESCRIPTION 

A mixer is a part of transmitter modulators and receiver demodulators. This 
chapter gives a theoretical description about mixers and definitions frequently 
used for RF mixer design. 

4.1 General description 

A mixer in a transmitter converts a frequency, typically ωif in upconversion 
mixers, to another higher frequency typically ωrf. Figure 4.1 shows the general 
idea of how the intermediate frequency ωif, is mixed (multiplied) with a 
frequency called the local oscillator frequency ωlo. The radio frequency ωrf, is 
the frequency at the output.  

 

Figure 4.1 Mixer symbol 

Assume that the intermediate frequency signal is a cosine signal, 
)cos( tAV ififif ω= . Ideally the LO signal is a square wave with 50 % duty cycle. 

Fourier expansion of the local oscillator signal looks like  
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Multiplication of the intermediate frequency signal and the local oscillator 
frequency signal yields  
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The second term of the multiplication becomes 

)cos(
2

)cos( ttA loifif ω
π

ω ×                            (4.3) 

( ))cos()cos(
2

1
)cos()cos( βαβαβα −++=×                  (4.4) 

Using the trigonometric identity in equation (4.4), equation (4.3) becomes 
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According to this equation, mixing occurs and the wanted upconverted radio 
frequency signal is obtained as 

)cos()cos( tAtt
A

V rfrfloif
if

rf ωωω
π

=+=            (4.6) 

The mixer function can shortly be describes as a multiplication of two signals, 
which leads to signal mixing and results in frequency translation. To select the 
upconverted signal from equation (4.5) the mixer is followed by a bandpass 
filter centered at )( tt loif ωω + , selecting the band of interest. Mixers that 

generate products shown in equation (4.6) with amplitude 
π

ifA
 are called 

passive mixers, because they do not perform any gain. An active mixer 
generates an upconverted signal with a certain gain, called the conversion 
gain, Gc [8].  

4.2 Active mixers 

Active mixers can be classified in unbalanced and balanced mixers. Balancing 
is a concept that depends on how the output signal is taken from the mixer [8].  

4.2.1 Unbalanced mixer 

The so-called unbalanced mixer is shown in Figure 4.2 and is the simplest of 
the active mixers. Port-to-Port isolation is a mixer concept that for example 
determines what fractions of the IF signal that appears at the RF output. 
Feedthrough between different ports are undesirable in mixer design and can 
affect preceding or following circuits [5,8]. It can be shown that the resulting 
components from mixing in the unbalanced mixer is both )( tt loif ωω + and the 

unwanted )( tifω  frequency. This phenomenon is called IF-feedthrough and is 

undesirable [8].  
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Figure 4.2 Unbalanced mixer 

4.2.2 Singel balanced mixer 

The single balanced mixer is an improvement over the unbalanced mixer but it 
also has its disadvantage. In this mixer structure the output is taken differential 
as shown in Figure 4.3. The signal is taken from two branches, therefore IF 
feedthrough from each branch cancels one another. It can be shown that 
beside the wanted upconverted frequency, resulting components from mixing in 
the single balanced mixer is )( tn loω× , where n is an integer. This is called LO 
feedthrough and is also undesirable [8].  

 

Figure 4.3 Single balanced mixer 

4.2.3 Double balanced mixer 

A third type of active mixer is the double balanced, also called the Gilbert mixer 
or quad mixer. The Gilbert mixer has the advantages that it rejects both IF- and 
LO frequency components at the output. The mixer is shown in Figure 4.4. This 
kind of mixer is used in the design of the power mixer. Therefore this mixer is 
described in more detail in the following section. The rejection of IF- and LO 
frequency components is under ideal conditions. In practice, there is always a 
little amount of feedthrough [8].  
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4.3 Gilbert mixer 

The double balanced Gilbert mixer is shown in Figure 4.4. The mixer contains a 
voltage to current converter which is composed of transistors M1 and M2. A 
difference in voltage is transformed to a difference in current through 
transistors M1 and M2. The currents Iif

+ and Iif
- generated from M1 and M2 are 

switched through the transistors M3-M6. The ideal LO is as earlier mentioned a 
square wave. This square wave should be large enough to switch the 
transistors M3-M6 totally on when it is high and totally off when it is low. The 
incoming differential LO signals are also shown in Figure 4.4 [8]. 

 

Figure 4.4 Double balanced mixer 

4.4 Definitions for RF mixer design 

This section describes definitions that are of big importance and relevance in 
RF mixer design. Effects like gain, harmonic distortion, gain compression and 
noise are described to prepare for the mixer design section that follows in 
Chapter 7. 

4.4.1 Conversion gain 

Conversion gain, Gc, in mixers must be carefully defined to avoid confusion. 
The “voltage conversion gain” is defined as the ratio of the rms voltage of the 
RF signal to the rms voltage of the IF signal. The “power conversion gain” of 
the mixer is defined as the ratio between power delivered to the load and the 
available power from the source. 
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Conversion gain is often expressed in decibel as 
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The conversion gained expressed for a Gilbert mixer with source degeneration 
resistors RS  is given in equation 4.9. Source degeneration resistors are 
resistors that can be placed under the transistors M1 and M2 shown in Figure 
4.4. 
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          (4.9) 

From this expression it can be seen that conversion gain depends on the load 
resistor RL. The conversion gain is also dependent of the gain Gm in the V/I 
conversion stage, which is determined by the transconductance gm of the 
transistors in this stage and by degeneration resistors Rs [5].  

4.4.2 Linearity 

Many analog and RF circuits can be approximated with a linear model to obtain 
responses to signals. A transistor is one example of a system that in reality is 
non ideal but has a nonlinear response to incoming signals. A nonlinear system 
has an input-output relationship that can be approximated with the polynomial 

...)()()()( 3
3

2
210 ++++= txtxtxty αααα ,           (4.10) 

where y(t) is the output and x(t) the input signal to the system amplified by a 
constant αj. Constants α2 and α3 are nonlinear terms in the expression. The 
nonlinear response to incoming signals can lead to harmonics, gain 
compression and intermodulation products that is described in the following 
section [5]. 
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4.4.2.1 Harmonics 

If a cosine IF signal with an amplitude A is applied to a mixer where the V/I 
conversion transistors have a nonlinear characteristic, as in equation (4.10), 
the output from the V/I conversion stage is given by equation (4.11). 
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      (4.11) 

In the final expression it can be seen that frequency components of ifω , 

ifω2 and ifω3 are generated at the output. The ifω  component is called the 

fundamental frequency and the higher order terms are called “harmonics”. 
Depending on how the output is taken from the circuit different observations 
can be made. If the signal is taken out as differential, the even-order harmonics 
will vanish [5].  

4.4.2.2 Gain compression 

When looking at small signals, gain is usually obtained by the assumption that 
harmonics is negligible. In equation (4.11), if A is a small signal the amplitude 
of the fundamental frequency will be much larger than the second- and third 
order harmonics. But as the incoming signal amplitude is growing, gain begins 
to vary. Looking at equation (4.11) again, the amplitude of the fundamental 
frequency component will be compressed for high inputs. If 3α < 0 the total 
amplitude for the fundamental frequency component approaches zero for 
sufficiently high input levels. So the conclusion is that gain is a decreasing 
function of A and in RF circuits this effect is defined as the 1dB-compression 
point. In words this is defined as the input signal level that causes the gain to 
drop by one decibel. 1dB-compression point is often plotted on a log scale with 
the output level as a function of input level as shown in Figure 4.5 [5]. 

 

Figure 4.5 1dB-compression point 
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4.4.2.3 Intermodulation products 

When two signals with different frequencies are applied to a nonlinear system, 
other frequency components that are not harmonics of the input frequency will 
appear at the output. Those components are called Intermodulation products - 
IM products. IM products are a troublesome in RF systems as they can fall into 
the band of interest, corrupting the interesting frequency component. The 
magnitude of the IM products can be used as a measurement of linearity [5].  

4.4.3 Noise in mixers 

As mentioned, the mixer operation can be seen as a multiplication of the LO 
signal with the IF signal. Assuming a 50 % duty cycle of the LO signal, the IF 
signal is multiplied with all the odd harmonics of the LO signal. This would 
mean that if there is noise in the IF band, this noise would be upconverted to 
the RF band, increasing the output noise [5]. 
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5 CMOS CIRCUIT DESIGN 

The power mixer is designed in CMOS technology. This chapter describes 
CMOS circuit design and is meant as an introduction to Chapter 7, describing 
the CMOS power mixer design. 

5.1 MOS transistors 

Most popular technology for realizing microcircuits makes use of MOS 
transistors. The MOS transistor is a device known as a FET, Field Effect 
Transistor. MOS stands for Metal- Oxide- Semiconductor which describes the 
gate, insulator and the channel region material. Today however, most MOS 
technologies utilize polysilicon gates rather than metal gates structure. The 
semiconductor material, used as the transistor starting material, is usually 
silicon and termed the substrate. There are two types of MOS transistors- 
NMOS and PMOS. Circuit design that uses both complementary types is called 
CMOS circuit design, for Complementary MOS. N-type and p-type regions is 
formed by doping the silicon substrate with donors or acceptors. N-type silicon 
regions have a high doping concentration of free electrons, while p-type silicon 
regions have a high doping concentration of free holes. The most commonly 
used symbols that are used for MOS transistors are shown in Figure 5.1. In the 
figure, the gate and the doped silicon regions drain and source are shown 
[9,10]. 

 

Figure 5.1 Most commonly used symbols for N- and PMOS transistors 

Figure 5.2 shows a cross section of a silicon NMOS transistor. Source (S) and 
drain (D) regions are heavily doped n-type regions implanted into lightly doped 
p-type substrate. Between the drain and source region silicon oxide is grown. A 
conductive material, most often polycrystalline silicon (poly silicon), covers the 
oxide and forms the gate (G) of the transistor. With no voltage applied to the 
gate, n+ drain and source regions are separated by the p- substrate. The 
separation between those regions is called the channel length L. For an NMOS 
transistor the source terminal is defined as the terminal that has a lower 
voltage, while the definition is opposite for PMOS transistors. Applying a small 
positive voltage to the gate causes positive carriers in the channel under the 
gate to repulse and a depletion area is formed. A larger positive gate voltage 
attracts negative mobile carriers from the source and drain regions and an n-
channel is formed under the gate [9].  
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The NMOS transistor is a so called n-channel transistor where electrons are 
used to conduct current, while holes are used to conduct current in the PMOS 
transistor. With that, current flows from drain to source in a NMOS transistor 
and in the opposite direction in a PMOS transistor, when turned on [9]. 

 

Figure 5.2 Cross section of a NMOS transistor 

The gate to source voltage, Vgs, which causes an n-channel between the 
transistor’s drain and source region, so that conduction can occur, is referred to 
as the threshold voltage and is denoted Vtn for NMOS transistors. The transistor 
is assumed off, if the applied voltage is less than the threshold voltage. 
Threshold voltage is a process parameter dependent on doping concentration 
and substrate potential. The density of electrons in the channel increases as 
Vgs is increased. If the drain to source voltage Vds is increased over 0V the 
potential difference between drain and source results in a current flow from 
drain to source [9]. 

5.1.1 Current characteristics 

The drain to source current is called Id and its characteristic is shown in Figure 
5.3. According to the figure the MOS transistor can work in three different areas 
called the cut off region, triode region and the saturated region. 

 

Figure 5.3 Drain to source current Id versus Vds 
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1) Cut off region 

The cut of region denotes the region where the transistor is off, which means 
that the gate to source voltage is less than the threshold voltage, Vgs< Vtn 

[9,10]. 

2) Triode region (also called the linear region) 

Within the triode region, also called the linear region, the drain to source 
current increases linear with Vds. When working in the linear region the drain to 
source current is described by equation (5.1), which can only be applied for 
small Vds. That means that Vgs > Vtn and 0 < Vds < Vgs - Vtn. 
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QI )( −== µµ              (5.1) 

Where nµ  is the mobility of electrons near the silicon surface, nQ is the charge 

concentration of the channel per unit area and oxC  is the gate capacitance per 
unit area and given by 
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Where rε  is the relative permittivity of silicon dioxide (SiO2) , 0ε is the 

permittivity of vacuum and oxt is the thickness of the thin oxide under the gate 
[9,10]. 

3) Saturated region 

As shown in Figure 5.3 Id versus Vds flattens for larger Vds. For increased drain 
voltages there comes a point where the gate to channel voltage at the drain 
end, decreases to the threshold voltage Vtn.  The channel becomes pinched-off 
and this occurs when Vds = Vgs - Vtn or written as Vgd = Vtn.. At the point when 
pinch-off occurs the Vds voltage is denoted Vds-sat, for saturated. Vds-sat is given 
by Vds-sat = Vgs - Vtn.  If the gate voltage exceeds the pinched-off voltage the 
charge concentration in the channel will remain constant and the drain current 
will no longer increase with Vds. The drain current becomes independent of the 
drain to source voltage and the transistor is working in the saturated region, 
shown in Figure 5.3. Drain current in the saturated region is described by 
equation (5.3) and can be applied for Vds ≥ Vgs - Vtn. 
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In circuit design MOS transistor are biased in the triode- or saturated region 
depending on application. Parameters as width W and length L are chosen by 
the designer where the smallest width and length are set by the process used. 
Equation (5.3) is usually regulated by an effect called channel-length 
modulation. When Vds becomes larger than Vgs - Vtn, the depletion region 
surrounding the drain junction increases its width in a square-root relationship 
with respect to Vds. This increase in width decreases the effective channel 
length, which in turn will increase the drain current. The current is not really 
constant in the saturated region shown in Figure 5.3. The corrected equation 
(5.4) is shown below, where λ decides the slope of the curve in Figure 5.3 
[9,10]. 
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5.1.2 PMOS and NMOS design 

Current through NMOS and PMOS transistors in the saturated region are given 
by the following equations (5.5). 
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Id, W, L and ∆V are design parameters that should be set by the designer. ∆V is 
the Vdsat voltage chosen for the saturated region. Length of transistors is 
usually designed minimum for digital signals, while analog signal transistors are 
often designed larger. Minimum length and width is decided by the process in 
use. Electron mobility is dependent of doping concentration. Electron mobility is 
larger than hole mobility. In pure silicon electron mobility is approximately 3.3 
times larger than hole mobility. Therefore PMOS transistors are often designed 
approximately 3 times wider than a NMOS transistor, designed for the same 
current and saturation voltage.  

5.1.3 Transistor transconductance  

Transistor transconductance is an important parameter. It gives a relation 
between the transistor input and output. For the MOS transistor 
transconductance will indicate how much the drain current will change when 
the input gate to source voltage will change. Equation (5.6) describes 
transconductance relation for the MOS transistor, for small signals [10]. 
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5.2 MOS current mirrors  

A circuit used for generating bias currents is the current mirror. A NMOS 
current mirror is shown in Figure 5.4. The left most transistor is diode coupled 
so that Vds = Vgs.  
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Figure 5.4 NMOS current mirror 

Under the condition that the drain to source voltage for transistor T2 is larger 
than the saturated voltage and with the assumption that both transistors are of 
same size, the generated current through transistor T2 will be the same as 
through transistor T1 since they have the same Vgs (Vgs1 = Vgs2). If different 
currents are desirable through the transistors this can be achieved by 
regulations of transistor sizes according to equation (5.7) [10]. 
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5.2.1 Cascode current mirrors 

Current increases with a certain slope even in the saturated region. An ideal 
current source wants the saturated region to be as flat as possible, thus high 
output resistance is desirable. A small value of the channel-length modulation 
parameter λ, is desirable for improved performance of a current source. λ is 
determined by the output resistance as equation (5.8) shows. 

dout IR

1=λ               (5.8) 

It can be shown that the cascode current mirror, shown in Figure 5.5, increases 
the output resistance compared to the simple current mirror and the channel-
length modulation parameter is decreased. 
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Figure 5.5 Cascode current mirror 

With the cascode current mirror configuration a more ideal constant current can 
be achieved [9]. 

5.3 Infineon’s process C11N – technology features 

The C11N process is a CMOS 0.13 µm technology, designed for SRAM, logic, 
mixed signal and mixed-voltage I/O applications. A few features of the process 
are described in this section. 

The process gives options to use four to six copper metal levels plus the last 
metal level that is an aluminium copper level. The two optional copper layers 
before the last metal are levels of thick wire. The process contains several 
different MOS transistors. The ones used for the power mixer design are 
regular (REG) and analog (ANA) transistors. NMOS and PMOS transistors of 
the two transistor types are used and called NREG, PREG and NANA and 
PANA transistors in the process. Minimum width and length ratio for the regular 
transistors are 0.16/0.12 µm and 0.5/0.4 µm for the analog transistors. 
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6 POWER MIXER – THE SPECIFICATION 

This chapter describes the power mixer to be designed. Parts of this 
description are taken from the complete design specification attached in 
appendix A.  

6.1 Functional description 

This specification is introduced with a functional description, describing the 
power mixer as part of a transmitter. 

6.1.1 Transmitter block diagram 

A simplified block diagram of the transmitter including the mixer to be designed 
is shown in Figure 6.1. The digital baseband signal is modulated as GFSK, π/4 
DQPSK or 8 DPSK. The I and Q signal are then transformed to polar 
representation, where r(t) and θ represents the amplitude and phase of the 
modulated data. The phase locked loop (PLL) generates the LO frequency, 
modulated on the phase. Amplitude and frequency information reaches the 
mixer that generates the upconverted RF signal. 

 

Figure 6.1 Simplified transmitter block diagram  

The power mixer shown in the simplified block diagram is described in Figure 
6.2. The power mixer contains a voltage to current converter with variable gain. 
Gain should be adjusted through a digitally controlled programmable circuit in 
fine 1 dB steps or in coarse 6 dB steps. The power mixer also contains an LO 
buffer, an OP amplifier and a bias circuit. The bias block supply the V/I 
conversion circuit, mixer, LO buffer and OP amplifier with currents and 
voltages. The power mixer should be designed in Infineon’s 0.13 µm CMOS 
technology process C11N. 

Compared to a previous solution, the proposed architecture shown in Figure 
6.1 reduces the number of mixers from two to one and no separate PA is 
needed, while PA should be integrated in the mixer. This architecture can 
reduce the total current consumption. Programmable output power can further 
reduce current consumption, when the circuit is not used in maximum output 
power mode. 
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Figure 6.2 Simplified block diagram of the power mixer 

For signal description see Appendix A. The signals will also be further 
described during the design section. 

6.2 Power mixer specification 

Table 6.1 is a selection of specification points from the specification in 
Appendix A. 

 
Target Spec Symbol Parameter 

Min Typ Max 
Unit Comment 

Pmax_GFSK Max output power  4 6 8 dBm GFSK mode  

Pout_GFSK Output power range -30 0 6 dBm GFSK mode 

Fine step Fine step for power 
gain 

 1  dB  

Coarse step Coarse step for power 
Gain 

 6  dB Can be 
adjusted 

N_fine Number of fine steps  16    

N_coarse Number of coarse 
steps 

 6    

D_fine Number of digital 
control bits for fine gain 
setting 

 4    

D_coarse Number of digital 
control bits for coarse 
gain setting 

 3    

CP1dB 1 dB output 
Compression Point  

 3  dB Pout + 3dB 

I_max Current consumption at 
maximum output power 

  25 mA  

FLO Frequency for LO 
signal 

2,4  2,5 GHz  

Table 6.1 A selection of specification points for the power mixer 
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7 POWER MIXER CIRCUIT DESIGN 

In this chapter, the schematic design of the power mixer circuit is described. 
Some information about design flow, methods and simulations is an 
introduction that is followed by design descriptions from the top level schematic 
down to sub schematics. Simulation results are shown throughout the design 
descriptions. This chapter makes use of theory described in previous chapters. 

7.1 Design flow 

Power mixer circuit design started from a previous mixer design. From the 
specified output power required, calculations for maximum output power 
began. Output power calculations generated appropriate bias currents needed 
in the circuit. Transistor dimensioning for the appropriate bias currents was the 
next step that continued with design of sub schematics to reach the specified 
output power. Linearity requirements were not set from start but were taken 
into consideration by a careful design. Variable resistors and switching of 
current through the mixer core was a next design task for implementation of 
adjustable power gain. Iterated simulations during the schematic design finally 
resulted in satisfactory simulation results for the top level schematic with pads 
and a bias circuit generating bias currents to the different parts of the circuit.  

7.2 Methods and simulation tools 

The power mixer is designed in Cadence and simulated using SpectreRF. 
SpectreRF include DC-, AC- and transient simulations. PSS, for Periodic 
Steady State, enables many simulations interesting for RF design, as for 
example 1 dB compression point and noise simulations. The PSS simulator 
also gives the possibility to plot simulation results either in the time or 
frequency domain.  

7.3 Simulations for polar modulation 

As mentioned in Chapter 3.1 polar modulation is equivalent with quadrature 
modulation but the incoming signal for polar modulation into the mixer is an 
amplitude signal and it is the carrier frequency from the PLL that is modulated 
by a phase shift. Design for polar modulation means some differences 
compared to “usual” quadrature modulation. In Chapter 3.2 it is shown that the 
amplitude signal is constant for GFSK but during jumps between different 
symbol representations, the vector representing each data symbol will change 
in amplitude for π/4 DPSK and 8DPSK modulations. For those modulation 
techniques the time dependent signal entering the mixer will lie on an average 
value but will also oscillate around this value. 

A telephone conference with more experienced designers in the specific area 
from Infineon Austria, resulted in valuable tips how different simulations should 
be performed using the specific modulation technique. Short conclusions from 
the telephone conference are presented below.  
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7.3.1 Power simulation 

The correct way doing power simulations, is with a DC signal as input 
corresponding to the rms value of the incoming specified amplitude signal.  

7.3.2 Linearity simulations 

The constant amplitude signal for GFSK does not bring any linearity problems 
but the variations in amplitude for the phase modulation techniques bring 
linearity problems. Therefore linearity simulations are of importance for polar 
modulation. Linearity should be simulated by applying an intermediate 
sinusoidal signal at a DC level and look at the differences in power for the 
wanted frequency, shown as (Flo+Fif) in Figure 7.1, and intermodulation 
products. HD2 is defined as the power difference for the wanted frequency 
component and the frequency component Flo+2Fif. HD3 is defined in a similar 
way, as the power difference for the wanted frequency component and 
Flo+3Fif, as shown in the figure.  

 

Figure 7.1 Definitions of HD2 and HD3 

How the DC level and sinusoidal amplitude should be chosen is described in 
the design section that follows.  

7.4 Top level schematic for IRMA  

The power mixer circuit designed is named IRMA (after my grandmother) and 
shown in Figure 7.2. This view shows the top level schematic for the circuit to 
be realized in the 0.13 µm CMOS process C11N. A block symbol of IRMA is 
placed in the middle surrounded by input and output signals connected to pads.  
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Figure 7.2 Top level schematic for IRMA 

The top level schematic seen in Figure 7.2 contains 

! IRMA - The block symbol shown in the middle of the figure. 

! Pads 

! ESD protection circuits 

! Bypass capacitors 

! N-well circuit for RF pads 

Pads, ESD protection circuit, bypass capacitors and N-well circuit for RF pads 
are additional components needed at the top level. Designs of those 
components are not included in the thesis work. ESD protection circuit, bypass 
capacitors and N-well circuit for RF pads are further described in Chapter 7.23. 
The input and output signals shown in Figure 7.2 are described in Table 7.1. 

PAD 

ESD 

 Bypass N-well 

ESD 

RFpads 
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Table 7.1 Signal list 

Notice from the table shown that three different power supply sources are 
used, which makes it easy to control and verify current consumption of 
separate blocks in the mixer.  

The block symbol for IRMA shown in Figure 7.2 is the block symbol 
representation for the schematic shown in Figure 7.3. IRMA contains several 
parts needed for a good functional mixer circuit. As seen in Figure 7.3 IRMA 
contains 

! Power mixer  

! OP amplifier 

! LO buffer 

! Bias circuit 

The incoming IF signal enters an OP amplifier (see Figure 7.3) which will half 
the voltage swing, before the incoming signal enters the power mixer. The 
reason for this is that the power mixer from start was designed for an incoming 
voltage amplitude of 0.5 V instead of 1 V. But reducing the voltage swing is not 
the main reason for placing the OP amplifier in front of the power mixer. A 
feedback loop, shown in the figure, from the mixer input back to the OP 
amplifier will compensate for voltage differences at the input signal. In other 
words, the OP amplifier serves as a voltage regulator.  

Name Type Description 
TX_EN Digital in Transmit enable, active high 
IF_P In  Positive Intermediate signal input 
IF_N In  Negative Intermediate signal input 
LO_P In Positive Local oscillator signal input 
LO_N In Negative Local oscillator signal input 
RF_P Out Positive RF signal output 
RF_N Out Negative RF signal output 
IREF Analog in Reference bias current input 
LO_dc Analog in LO bias voltage 
vref Analog in OP bias voltage 
D_A<3:0> Digital in 4 bit control bus for fine gain setting; 0=min gain; 

16=max gain 
D_B<2:0> Digital in 3 bit control bus for coarse gain setting;  
VDD_MIX
ER 

2.0V Supply voltage for mixer parts 

VDD_OP 2.0V Supply voltage for OP amplifier 
VDD_LO 2.0V Supply voltage for LO buffer 
VSS 0V Common ground 
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A lowpass filter is also inserted on the feedback loops. The resistor and 
capacitor values constitute a lowpass filter with a cut-off frequency shown in 
equation (7.1). 

MHz
fkRC

ft 19
120702

1

2

1 ≈==
ππ

          (7.1) 

According to the specification, bandwidth of the incoming signal is 5 MHz. Cut-
off frequency is therefore chosen larger than the specified bandwidth. A 10 
MHz signal is used in simulations because of its rather low frequency. This 
frequency is though large enough to limit simulation times. The lowpass filter 
cut-off frequency is therefore chosen a little larger than 10 MHz. The bias circuit 
supplies the LO buffer, OP amplifier and power mixer with appropriate bias 
currents. The LO buffer is needed to amplify the local oscillator signal.  

 

Figure 7.3 Schematic of IRMA 

Remaining parts of this chapter will focus on the design of the power mixer, 
which is the core of the thesis work. In the end of the chapter, the design of the 
LO buffer and bias circuit are shortly described. The OP amplifier is also shortly 
presented in the end of this chapter and is a total reuse of a previous design. 

Power 
mixer 

LO buffer 

OP amp 

Bias circuit 

Feedback 
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7.5 Power mixer test bench 

The test bench for the power mixer is shown in Figure 7.4. A block symbol 
representation of the schematic shown in Figure 7.2 is shown in the middle of 
the test bench schematic.  

 

Figure 7.4 Schematic of the test bench for power mixer IRMA 

The test bench schematic contains different components: 

! IF port – At this port, sinusoidal and DC signals can be generated and 
applied as input signals to the circuit. The IF port has a source 
impedance of 200 Ω and to get the expected output signal from the IF 
port it is terminated with a parallel resistor of the same value. 

! LO port – A port that generates the high frequency LO signal. 

! RF port – This port is output port with 50 Ω load impedance where the 
RF signal ends up. 

! Package model – The test bench also contains a model for the package 
so that capacitive and inductive influences that arise partly from bond 
wires in the package are included in the simulation results. 

! OMN and BalUn - An OMN (Output Matching Network) and a BalUn 
(Balanced Unbalanced) converts a load impedance of 200 Ω to a 50 Ω 
single ended output.  

IF port 

LO port 

RF port 

Package 
model 

OMN and 
BalUn 
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Package model and matching network are shown in Appendix C. Figure 7.4 
contains more components not described in detail, as for example voltage 
sources generating appropriate voltages to the circuit. Voltage sources are also 
used for generating digital signals for simulations of variable output power in 
the circuit.  

7.6 Power mixer schematic 

The symbol for the power mixer in Figure 7.3 and the core of the thesis work is 
shown in Figure 7.5.  

 

Figure 7.5 Block symbol of the power mixer 

A previous design from a Bluetooth transmitter was used as starting point for 
the power mixer design. The developed power mixer design is shown in the 
schematic in Figure 7.6 and contains the following described parts. 

! V/I conversion – The incoming IF signals, Vif+ and Vif-, can be seen in 
the figure. A difference in IF voltage is converted to a difference in IF 
current in the V/I conversion stage. V/I conversion stage also include a 
variable resistor. 

! Variable resistor – Is implemented to enable power gain adjustable in 
fine 1 dB power steps. 

! Variable current block – Is implemented to enable power gain 
adjustable in coarse 6 dB power steps. Depending on digital gain setting 
the circuit generates different currents through the mixer core.  

! Mixer core – The mixer core mixes the IF current with a LO frequency to 
generate the differential RF signals MODO and MODOX, shown in the 
schematic. 

! Bias transistors – The four transistors in the top of the schematic (P2, 
P3, P4, P6) are transistors generating appropriate bias currents to the 
circuit. The transistors in the bottom of the schematic (N2, N3) copy the 
generated IF currents to the right part of the power mixer. 

The power mixer is of Gilbert mixer architecture and contains both NMOS and 
PMOS transistors of regular and analog type from the process C11N.  
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Figure 7.6 Schematic for the final power mixer 

When the power mixer is compared to the Gilbert mixer introduced in the 
theoretical section of Chapter 4, some differences can be seen. The Gilbert 
mixer from the theoretical chapter is again shown in Figure 7.7. In this figure 
corresponding V/I conversion stage and mixer core are found. As the power 
mixer also serves as PA with variable power gain, a variable current block and 
a variable resistor are added to the new design. Compared to the theoretical 
schematic it can also be seen that the new design is divided into two “parts”. 
The reason for this is the low voltage supply. All the components used for 
mixing and amplification require more or less headroom to work satisfactory. A 
low voltage supply of 2 V is not enough for having both V/I conversion and 
mixer core under the same voltage supply. Therefore, mixer core and the 
variable current block are designed in one part separated from the V/I 
conversion in the left part, to make use of two voltage power supply 
individually. 

V/I conversion 

Variable 
current block 

Mixer core 

Variable 
resistor 

Bias transistors 

Bias transistors 
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Figure 7.7 General Gilbert mixer architecture 

7.7 Requirements for output power 

The mixer contains different parts that need to be set with appropriate bias 
currents to work according to the demands that are set in the specification. To 
find appropriate bias currents a good way is to start the design with calculations 
for the required output power. Power calculations aim to reach the required 
output power and to find appropriate bias current in the right part of the mixer, 
including mixer core and variable current block and in the left part, including V/I 
conversion and bias transistors. 

7.7.1 Current calculations  

To reach the desired output power, current calculations are made in a direction 
from the output of the mixer (the RF side), shown in a zoomed view in Figure 
7.8, back to the V/I conversion stage (the IF side).  

V/I conversion 

Mixer core 
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Figure 7.8 Right part of the mixer 

The output power is generated over an external load resistor of 200 Ω. How 
much current is needed through the load resistor to generate the specified 
output power of 6dBm? Calculations are made for 8 dBm, to have some margin 
for ESD protection circuits, pads etc that probably will affect and reduce output 
power in the final circuit. Output power is dependent on current as in the 
equation 2IRP ×= . To reach an output power of 8 dBm, the mixer is designed 
for a maximal output current with an amplitude of 8 mA through the 200 Ω load 
resistor, based on the following power calculations.  

mAIIIPmWdBm rmsrms 822003.68 2 ≈×=⇒×==≈
∧

 

A bias current of 10 mA is an appropriate current that is chosen for the 8 mA 
current swing through the right part of the mixer, se Figure 7.9.   
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Figure 7.9 Output current through each branch in the right part of the mixer 

Which current is needed through the left path of the mixer, including the V/I 
conversion stage and the current mirrors, to generate the needed 8 mA 
amplitude current? The left part of the mixer, also called the IF side is shown in 
Figure 7.11. The left part is designed for 0.8 mA current amplitude (Figure 
7.10), that is amplified in a 1:10 times current mirror to generate the wanted 8 
mA current amplitude needed at the output. A bias current of 1 mA is an 
appropriate current chosen for the 0.8 mA current swing in the left part of the 
mixer as shown in Figure 7.10. 

 

Figure 7.10 Current through each branch in the left part of the mixer 

How the bias currents of 1mA in the left mixer part and 10 mA in the right part 
of the mixer are generated, is explained in the following section. Generation of 
the 0.8 mA current amplitude is described in Chapter 7.9. 
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Figure 7.11 Left part of the mixer 

7.8 Generating bias currents 

Previous section resulted in appropriate bias currents in the left and right mixer 
parts. This chapter describes dimensioning of bias transistors generating those 
currents. Dimensioning of transistors in other mixer blocks will further be 
described in specific design sections for those blocks. 

The strategy to generate bias currents is to use MOS current mirrors. Before 
using the MOS current equation for dimensioning, the constant oxC  for analog 
NMOS and PMOS transistors is calculated from parameters taken from the 
design manual for the process. 
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The electron mobility in the channel for the analog NMOS transistor is 

Vs

cm 2)(
439 , which results in the constant value 

2
299

V

A
Coxn

µµ ≈  for NMOS 

transistors. Hole mobility is small compared to electron mobility and results in a 

constant value 
2

74
V

A
Coxp

µµ ≈  for the analog PMOS transistor. According to the 

specification the reference current to the power mixer is 25 µA. The 25 µA 
current source is shown in the schematic of Figure 7.11.  

Transistor P4, working as current mirror, is an analog transistor designed for 
the reference current of 25 µA. Current mirrors should be biased in the 
saturated region, why the MOS current equation for the saturated region is 
used. The saturated drain to source voltage is chosen 0.2 V and length is 
chosen L=1.2 µm which generates a transistor width according to  
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A width of 16 µm is chosen instead of the calculated 20 µm width which further 
increases the saturated drain to source voltage. A current of 1mA is generated 
through transistors P2 and P3 by an amplification of the reference current 
through transistor P4. Generation of a 1mA current is accomplished by 
designing transistors P2 and P3 with a width of 640µm, according to the 
following equation. 
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In the bottom of the left mixer part NMOS transistors N2 and N3 will receive a 1 
mA current. Those transistors are also biased in the saturated region and given 
a width according to the following equation. 
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At this stage, all bias transistors in the left part of the mixer (seen in Figure 
7.11) are dimensioned. Current mirrors are also used to generate a 10 mA 
current through the right part that is shown in Figure 7.8. Inside the variable 
current block seen in Figure 7.8, bias transistors are hidden. A 10 mA bias 
current will be generated by amplification of the current through transistors N2 
and N3, according to the following equation. 
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The variable current block is designed for maximum output power from start 
with a transistor width of 2000 µm. Design of the variable current block is 
described in Chapter 7.14. Note that all analog bias transistors described are 
designed with a length of 1.2 µm. Minimum length is avoided for those analog 
transistor designed for analog signals. Minimum length is not needed because 
of the low IF frequency.  

Transistors P5, N13, N14 are so called “on/off” transistors for turning the circuit 
on and off. Those transistors are of analog type but used for digital signals and 
therefore designed with small width and minimum length (1µm/0.4µm). 

7.9 V/I conversion circuit design 

In the V/I conversion stage a difference in voltage is converted to a difference 
in current. The schematic of the V/I conversion circuit is shown in Figure 7.12. 
The resistor between the two transistors is variable and is described in detail in 
Chapter 7.13.  

 

Figure 7.12 Schematic of V/I conversion circuit 

From equation (4.9) (Chapter 4.4.1) for a mixer’s conversion gain, repeated 
below, it can be seen that conversion gain depends on the resistor value (Rs) 
and the transistor transconductance (gm) in the V/I conversion stage shown in 
Figure 7.12.  
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The idea here is to design the conversion stage so that conversion gain is 
almost fully controlled by the resistor value Rs, which is the variable resistor 
shown in Figure 7.12. Designing the regular transistors with a large width 
increases their transconductance. The second term in the denominator of 
equation (7.2) becomes small, as transconductance is increased. Expressed in 
another way, the regular transistors are designed large enough to affect the 
conversion gain as little as possible. The resistor value will become the most 
significant term and current amplitude can almost fully be controlled and 
generated by variations of the V/I-resistor value.  

How large does the resistor in the V/I conversion stage have to be, to generate 
the required 0.8 mA current amplitude for maximum output power? The 
incoming IF signal is according to the specifications a 1 V peak differential 
signal. The OP amplifier will reduce this voltage swing by half so that a 0.5 V 
amplitude difference over the V/I conversion resistor will generate a difference 
in current according to the following equation. 

Ω==
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∆≈⇒
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A resistor value of 625 Ω should generate the wanted IF current. The regular 
PMOS transistors in the V/I conversion stage are designed with a width of 400 
µm and a length of 0.4 µm. Because of a low frequency analog signal in the V/I 
conversion, minimum length is avoided for those transistors. The second term 
in the denominator of equation (7.2) becomes ≈ 80 Ω, which is small in 
comparison with the 625 Ω resistor.  

The resistor value of 625 Ω contributes to the maximum output power. By 
changing this resistor value (described in Chapter 7.13) gain can be varied.  

The linearity of the power mixer is dependent of the V/I conversion resistor. 
The value of this resistor will decide the size of the current amplitude and thus 
gain in the circuit. A large value of the V/I conversion resistor will contribute a 
more linear circuit and better 1dB compression point. But as seen in the 
calculations for wanted output power, the V/I conversion resistor can not be too 
large to carry out 6 dBm output power. Linearity requirements were not decided 
until very late in the design. The calculated V/I conversion resistor value of 625 
Ω was therefore increased to 675 Ω to have some margin for future linearity 
requirements. A value of 675 Ω results in better linearity but reduced output 
power, though still in the range of the specified output power requirements.  

7.10 Mixer core design 

Design of the mixer core is described in this section. The local oscillator signal 
is a high frequency signal that is multiplied with the amplified IF current signal 
from the V/I conversion circuit. High frequency considerations are of particular 
importance in the mixer core design. In Figure 7.13 the schematic for the mixer 
core block is shown. 
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Figure 7.13 Schematic of the mixer core 

The switching transistors need to be fast. Therefore the switching transistors 
are of regular transistor type. One disadvantage of the regular transistors is 
their maximum Vgs and Vds voltage of 1.6 V. The maximum potential difference 
allowed is to avoid device degradation during operation. The high output power 
results in high voltage swing at the output that will exceed this maximum 
allowed voltage difference. As a solution of the regular transistors limitations, a 
cascode stage at the output is inserted to limit the voltage swing and avoid 
device degradation. Cascode stage insertion might affect linearity but it is of 
higher priority to protect the transistors against high voltages then to reach 
good linearity. 

At the gate to the cascode transistors a lowpass filter with low cut-off frequency 
is inserted as isolation against the high frequency signal and to protect the 
transistor gates. The cut-off frequency for the lowpass filter is 

MHzfT 6.10
10110152

1
123

≈
××××

= −π
 

The switching transistors are design with minimum length. Small transistor 
length increases the transistors cut-off frequency. A transistors cut-off 
frequency is on the form shown in equation (7.3) [11]. 

Cascode 
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2

1

L
kfT ×=            (7.3) 

A minimum length of 0.12 µm will result in high cut-off frequency, needed for 
the 2.4 GHz LO signal. Small transistor size is also important for high frequency 
transistors to reduce the parasitic capacitance in the device. Large transistor 
area means large capacitance, which can lead to reduced output power for 
high frequency signals because of signal loss through the capacitors. The 
transistors in the inserted cascode stage are of analog types, which tolerate 
larger drain to source voltage difference. Those transistors are also designed 
with minimum length (0.4 µm), aiming for high cut-off frequency and reduced 
parasitic capacitance.  

The switching transistors are further designed with a small saturated voltage for 
fast switching between the transistors. A chosen saturated voltage of 0.1 V, 
thus a DC gate voltage of 1.2 V results in an appropriate transistor width of 200 
µm according to the following calculations. 
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The LO signal varying around the 1.2 V DC level is designed large enough to 
ensure a large positive difference between the gate and threshold voltage 
when the transistors should be on and switch current through them. The local 
oscillator signal should totally switch the transistors on and off. 

Instead of having one large transistor 200 µm wide, the mixer core is 
implemented with 10 parallel transistors with a width and length ratio of 20/0.12 
µm each. Output power versus transistor width has also been swept. The 
sweep simulation was made by applying a DC voltage at the input port in the 
testbench. Figure 7.14 shows that the calculated width of 20 µm per transistor 
also results in maximum output power. 

 

Figure 7.14 Simulation result of output power versus switching transistor width 
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The total 200 µm width is sufficiently large for the current that should be 
switched through the transistors. Larger transistor dimensions than 20 µm 
means larger capacitance that will reduce output power according to Figure 
7.14. The mixer core transistors are also designed for maximal swing, aiming 
for maximal linearity but are limited by the cascode stage above the mixer core. 

7.11 Power simulation results 

Power mixer design for blocks this far described, has mainly taking power, 
linearity and high frequency aspects into consideration. In this section, currents 
and power simulations are described. Note that the simulations are made in the 
test bench described in Chapter 7.5. The test bench includes ESD protection 
circuit, pads, package model and matching networks that affect the output 
power.   

7.11.1 Currents through the mixer 

The simulation results of the currents through the mixer are shown in Figure 
7.15. The simulation is done by applying a 10 MHz signal with a 1 V sinusoidal 
amplitude at the input port.  

 

Figure 7.15 Simulation results of currents through the mixer 

The low 1.6 mA amplitude differential IF current generated by the V/I 
conversion stage is amplified 10 times. The current will be switched through the 
mixer core and generate the wanted output power. One can see that the 16 mA 
current in Figure 7.15 also has a larger frequency component. The result 
depends on frequency leakage from the LO signal to the IF signal  
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7.11.2 Output power simulation results 

Power simulations when working with polar modulation is done by applying a 
DC signal at the IF input port. In the simulations the output power is measured 
with a 707 mV DC signal, which is the rms value of the incoming 1 V peak 
differential signal. The power simulation is shown in Figure 7.16. An output 
power of 6.6 dBm is reached for the wanted 2.4 GHz frequency component, 
generated with a V/I conversion resistor value of 675 Ω. This means a 
decrease in output power in comparison with the power measured with the 
calculated resistor value of 625 Ω, but the 675 Ω resistor contributes better 
linearity figures. When the output signal is taken out differential the even-order 
harmonics should vanish. This is not the case in Figure 7.16. The reason for 
that is that the load that is used in the testbench is not fully differential. The 
even harmonics is a result of the difference in load for the two single ended 
signals but does not affect the output power of the interesting wanted 
frequency component in Figure 7.16. 

 

Figure 7.16 Output power simulation results with a DC signal applied at the input 

In Figure 7.17 output power gain range is simulated. This far in the report, 
design of variable gain has not been described. Simulation results for 
maximum and minimum gain is though presented here, as part of the power 
simulations. The simulation shows the output power at maximum and minimum 
gain setting. It can be seen that the output power ranges from 6.6 dBm down to 
-50 dBm. 
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Figure 7.17 Output power range simulation results 

7.11.3 Conclusions from power simulations 

An output power of 6.6 dBm is a good value according to the nominal specified 
value of 6 dBm. Output power ranges from 6.6 dBm down to -50dBm, which is 
an output power range that fulfils the specifications. The output power can be 
increased by a decrease of the V/I conversion resistor but this would contribute 
to reduced linearity figures.  

7.12 Linearity simulation results 

For the reason of varying amplitude signals in to the mixer and due to the fact 
that the power mixer is designed by CMOS transistors, linearity simulations are 
also of big interest. 

7.12.1 1 dB compression point simulation results 

Figure 7.18 shows the 1 dB compression point for the power mixer. 1 dB 
compression point simulation is done with a swept DC signal at the input port. 
At the specific x axis value (IFdc) where power gain has decreased by 1dB, 
output power is measured to 11.5 dBm. This point is known as the 1 dB 
compression point and is denoted in the figure. The difference between the 
wanted output power and the compression point is approximately 4.9 dB. 
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Figure 7.18 1 dB compression point simulation results 

7.12.2 HD2 and HD3 simulation results 

Linearity simulations are done applying a sinusoidal at a DC offset at the IF 
input that generates the maximum output power. A sinusoidal with a 0.33 V 
differential amplitude and a DC level of 0.67 V generates the input effect 
corresponding to the maximum output power, according to the calculations in 
equation (7.4). Since linearity specification points were not set from the start of 
the design, an investigation by a concept engineer for Bluetooth, was made 
during the thesis work. The investigation resulted in specification points for 
HD2 and HD3 and clarifications for how the DC level and sinusoidal amplitude 
should be chosen. For the complete investigation see appendix B. 

rmsUV
u

dc =≈+=+ 7.0
2

33.0
67.0

2

ˆ 2
2

2
2              (7.4) 

HD2 and HD3 simulation results for the power mixer are shown in Figure 7.19. 
Figure 7.19 shows that HD2, the difference in power between the wanted 2.41 
GHz frequency component and the 2.42 GHz frequency component, is 
approximately -20.5 dB. HD3, the difference in power between the wanted and 
the 2.43 GHz frequency component is approximately -38 dB. 
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Figure 7.19 HD2 and HD3 simulation results in the frequency domain 

7.12.3 Conclusions from linearity simulations 

The power mixer design with a V/I conversion resistance of 675 Ω results in a 
good 1 dB compression point of 11.5 dBm. A difference of 4.9 dB to the 
measured output power at 707 mV DC input. According to the specification the 
1 dB compression point should be 3 dB higher than the maximum output 
power, therefore the simulated 1 dB compression point is very satisfying. 

HD2 and HD3 results of approximately -20.5 dB and -38 dB respectively are 
sufficiently small. The linearity simulations satisfy the specification, attached in 
appendix B and recommends HD2 to be below -14 dB and HD3 below -36 dB. 
An increase of the V/I conversion resistor can further improve linearity figures 
but will reduce current swing at the IF side, resulting in reduced gain. 
Unfortunately the requirement for HD2 and HD3 was not set from start of the 
design. The requirements were not available until the end of the schematic 
design, when it was too late for changes. If the specification points were 
decided from start the V/I conversion resistor could be decreased, due to 
margins to the required HD2 and HD3. This would increase the current swing in 
the V/I conversion stage which could reduce current amplification needed by 
the current mirrors in the right part of the mixer, which could reduce current 
consumption.  

Wanted = Flo+Fif Flo+2Fif Flo+3Fif 

HD2 

HD3 
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7.13 Design of fine step variable gain  

According to the specification, output power should be adjustable in 1 dB steps. 
In this chapter the implementation for fine step adjustable output power is 
described. The principle of the gain adjustments in both 1 dB steps and 6 dB 
steps (which will be described in Chapter 7.14) are shown in Figure 7.20.  

 

Figure 7.20 Output power gain variation 
 

7.13.1 Calculations and implementation of variable resistor 

As mentioned in the definitions for RF mixer design in Chapter 4.4, the power 
gain from IF to RF output power can be expressed according to the following 
equation. 
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From this expression it can be seen that the power is reduced with the V/I 
conversion resistor. So, one way to introduce the variable gain is to make this 
resistor variable. The value found in the design for output power is the smallest 
value for the resistor, generating maximum output power. From this value, a 
maximum value of the total resistance can be calculated. A gain variation from 
0 to -15 dB results in 16 switched on and off parallel resistors as shown in 
Figure 7.21. Note that the resistors are placed with half the resistor value on 
either side of the switch to keep the circuit symmetric. 

 

Figure 7.21 Parallel resistors switched on and off for 1 dB gain variation 

To find the relation between two resistors, the gain variation in decibel, 1 dB 
between two resistors can be expressed as 
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But from the V/I conversion design it is known that the 1/gm term in the 
denominator from the conversion gain equation, constitutes a few percents of 
the total resistance. The resistors in the OP amplifier closed loop can also 
affect and reduce the total resistance. To compensate for the resistance 
reduction, which will reduce the gain variation steps, the 1 dB expression 
shown is changed to 1.1 dB. 1.1 dB gain variation is expressed between two 
total resistors as 
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 Table 7.2 shows the calculated total resistance 
for 1.1 dB gain variation. With the minimum 
resistance of 675 Ω, the total resistance shall 
increase by 1.135 for each 1 dB decrease. 
The total resistances are shown in Table 7.2 
and from this table individual resistors can be 
calculated. The maximum total resistor Rtotal, is 
approximately 4.511 kΩ. This value 
contributes to minimum gain and is the 
individual resistor R0 that always is connected. 
By connecting resistors in parallel to this 
resistor, gain will increase and each resistor is 
calculated according to the following 
calculations. 

 

 

Table 7.2 Total resistor values 

Ω== kRR 511.40max  

001

0
0

10

10
10

403.7
119.0

881.0

...881.0
135.1

974.3

RRR

R
R

k
RR

RR
RR

×=×=

⇒=×==Ω=
+
×

=
 

In a similar way the other resistors are calculated as 
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Continuing the calculations an equation (7.5) for the individual resistors 
appears as 
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=××= −
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   (7.5) 

 

Total resistance 
(Ω) 

Gain 
(dB) 

675.00 0 
766.13 -1 
869.55 -2 
986.94 -3 
1120.18 -4 
1271.40 -5 
1443.04 -6 
1637.85 -7 
1858.96 -8 
2109.92 -9 
2394.76 -10 
2718.06 -11 
3084.99 -12 
3501.47 -13 
3974.16 -14 
4510.68 -15 
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The individual resistors based on equation (7.5) are shown in Table 7.3.  

 

  

 

 

 

 

 
 
 

 

Table 7.3 Individual resistors 

7.13.2 Decoding for gain adjustment 

The variable gain is digitally controlled. To switch on one specific resistor, a 4 
to 16 decoder and OR gates are used. The principle is shown in Figure 7.22. 
S0, S1 etc in the figure means the switch that turns resistor R0, R1 etc on. 

 

Figure 7.22 Decoding principles for gain adjustment  

The following Boolean expression for Figure 7.22 shows how switches S0 to 
S15 are chosen from 4 digital input signals. 

Resistor Resistor value (kΩ) 
R0 4.51 
R1 33.38 
R2 29.41 
R3 25.91 
R4 22.83 
R5 20.11 
R6 17.72 
R7 15.61 
R8 13.75 
R9 12.11 

R10 10.67 
R11 9.40 
R12 8.28 
R13 7.30 
R14 6.43 
R15 5.66 

d0 

d3 

d2 
d1 

S0 S2 S15 S1 
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As seen in the Boolean expression the OR gate, contributing to the +sX, is 
necessary to set the switches contributing to resistors below the chosen. If for 
example switch s5 is chosen, switches S4…..S0 are also turned on. The total 
minimum resistance, for maximum gain, is chosen by setting switch S15. That 
means that all resistors will be on. 

7.13.3 Variable fine steps – the schematic 

The schematic for the variable resistance is shown in Figure 7.23. The 4 to 16 
decoding block, OR gates, inverters and switches with resistors are shown in 
the figure. A zoomed view of the left upper part of the schematic is shown in 
Figure 7.24. 

 

Figure 7.23 Schematic of variable resistance for 1 dB gain variation 

OR gate 

4 digital input 
signals 

4-16 decoder Inverter 

Resistors are 
placed on each 

side of the switch  
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Figure 7.24 Zoomed view of the resistors and switches in Figure 7.23 

The resistors are placed on each side of the switch, aiming for a symmetrical 
design. If the incoming signal is a digital one, the NMOS and PMOS transistor 
in the switch will both be on, for leading a signal through the resistor. The 
difference in voltage that is generated over the resistor generates a difference 
in current that goes through the resistor. The transistors in the switches are 
designed small with the PMOS transistor designed three times wider than the 
corresponding NMOS transistor. Width and length ratio for the PMOS and 
NMOS transistors are (15 µm/ 0.12 µm) and (5 µm/ 0.12 µm) respectively.  

 

Figure 7.25 Schematic of the 4 to 16 decoder 

In Figure 7.25 the schematic for the 4 to 16 decoder is shown. The 4 to 16 
decoder is implemented with NAND gates, inverters and NOR gates according 
to the following Boolean expression. 

Digital 
incoming 
signals 
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7.13.4 Fine step variable gain simulation results 

 

Figure 7.26 1 dB adjustable output power simulation results 

Figure 7.26 shows the simulated 1 dB variable output power steps. It can be 
shown that the gain variation steps are 1 dB and the gain range is 15 dB.  

7.13.5 Conclusions of fine step variable gain 

Implementation of the variable V/I conversion resistor resulted in very fine 1 dB 
output power adjustments. The specified output power range of 15 dB is 
reached. 

7.14 Design of coarse step variable gain  

Gain should not only be adjustable in fine 1 dB step but also in coarse 6 dB 
steps. Implementation and simulation of variable 6 dB output power is 
presented in this chapter. 
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7.14.1 Calculations 

Implementation of variable 6 dB steps is done, aiming for an overall reduced 
current consumption. A 6 dB gain reduce means reducing the current by half 
according to the following calculation 

dB6)5.0log(20 −=  

Bias current in the mixer core for maximum output power is according to 
previous design chapters 10 mA. Reducing this current by half in six steps, 
should result in six steps -6 dB each. The current reduction through the mixer is 
done by switching the current mirrors in the current block placed under the 
mixer core. This current block is called the variable current block and contains 
seven current blocks generating different currents from 5 mA down to 0.15625 
mA. The principle for the variable current block is shown in Figure 7.27. If all 
switches are set a total current of 10 mA is available through the mixer core. If 
only switches S1-S6 are set, 5 mA current goes through the mixer core and the 
output power is reduced by -6dB. 

 

Figure 7.27 Principle of the variable current block 

The reference current of 1 mA is the bias current in the left part of the mixer. 
Assume that transistor T1 that receives this current has a width of W µm. The 
smallest transistor, generating a 0.15625 mA current should then be designed 
with a width of 0.15625 times the reference transistor width. 0.15625 µm is 
equal to the fractional number 5/32. Therefore, the total transistor width of 200 
µm for T1 is divided on 32 parallel transistors with a width of 6.25 µm each. The 
transistor dimension implementation is shown in Figure 7.28. 
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Figure 7.28 Transistor dimensioning of the variable current block 

32 parallel transistors for the reference transistor means that 5 parallel 
transistors of the same width generate the smallest current of 0.15625 mA. 
Transistor width is then twice as large for transistors generating twice as much 
current. A total transistor width of 2000 µm generates the total current of 10 mA 
through the right mixer part when all transistors are on. 

7.14.2 Variable coarse step - the top level schematic 

The implementation of the variable current block is shown in Figure 7.29. The 
smallest unit delivering a 0.15625 mA current is shown as one current block in 
the figure. The two right most current blocks generates 0.15625 mA current 
each. The largest current block contains 32 parallel current blocks and delivers 
a 5 mA current. The decoding principle for coarse variable output power steps, 
is the same as for the fine step gain variation. The difference is that only three 
digital data bits are used for gain setting. Therefore, a 3 to 8 decoder is used 
instead of the 4 to 16 decoder used for fine step gain variation.  

32 á  
6.25 µm 

160 á  
6.25 µm 

80 á  
6.25 µm 

40 á  
6.25 µm 

5 á  
6.25 µm 
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Figure 7.29 Schematic of the variable current block for coarse step gain variation 

In Figure 7.29 the 3-8 decoder, OR gates and current blocks are shown. Three 
digital bits are used to choose how many current blocks that should be on and 
deliver current. When the 3 to 8 decoder chooses the seventh current block, all 
blocks will be on. That means that all 64 current blocks delivers 0.15625 mA 
each, resulting in a 10 mA total current.  

7.14.3 Design of 0.15625 mA current block 

The schematic in Figure 7.29 consists 64 current blocks generating 0.15625 
mA each. The schematic for one simple current block is shown in Figure 7.30.  

Current 
block 

3 to 8 
decoder 

OR gate 

•2 •1 •1 •16 •8 •4 •32 
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Figure 7.30 Schematic of one simple current block 

The schematic consist of a switch that is on or off depending on the digital input 
signal. When the switch is on a gate voltage is applied to the cascode 
transistors in the cascode current mirrors, putting those transistors on and a 
0.15625 mA current is generated from the two bottom transistors.  

At the transistor gates a low pass filter is inserted for frequency isolation of the 
high local oscillator frequency to the low frequency part of the mixer. The 
capacitor in the filter is chosen small to reduce the total capacitance generated 
when all 64 parallel current blocks are on. It would become hard for the 
reference transistor to drive this load, if the total capacitance should be too 
large. 

Cascode transistors are designed with the same width as the transistors 
generating currents, but the length of the transistors are designed minimum for 
a small drain to source voltage. This is because the switching transistors in the 
mixer core should be designed for large headroom and maximum linearity. 
Cascode transistors also have a low pass filter inserted at the gate.  

7.14.4 Coarse step variable gain simulation results 

Simulated coarse output power steps are shown in Figure 7.31 and Table 7.4 
gives detailed information about output power, gain steps and current 
consumption for different gain settings.  

Switch 
Cascode 

0.15625 mA 
current-
generation 
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Figure 7.31 Simulation results of coarse variable steps 
 
 
 
 

Code Pout (dBm) ∆ (dB) Iconsumption (mA) 

111 6,612 - 29,84 
110 1,028 5,584 19,44 
101 -4,223 5,251 14.38 
100 -10,18 5,957 11,62 
011 -17,1 6,92 10,32 
010 -25,15 8,05 9,664 
001 -34,53 9,39 9,403 

Table 7.4 Output power, power steps and current consumption for different gain settings 
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7.14.5 Conclusions of coarse step variable gain 

Output power range is good but the variable steps are not precisely 6 dB. This 
is though acceptable because of the implemented fine steps that can be used 
to correct the coarse output power gain setting. Implementation of the variable 
coarse steps was first done by also varying the dimensions of the transistors in 
the mixer core, thereby keeping constant current density through the mixer 
core. This implementation resulted in nice 6 dB steps, but realizing this 
implementation in layout should become difficult and complex. Therefore the 
mixer core transistor dimensions are kept fix and switching is made only at the 
IF side. According to Table 7.4 output power ranges from approximately 6.6 
down to -34.5, which is a 41.1 dB range from maximum to minimum coarse 
gain setting. Current consumption can be reduced down to 9.4 mA when used 
in a low power mode and the current consumption at the specified point: 
maximum output power -6 dB is, 19.44 mA. Specified current consumption at 
this specific point is 18mA, approximately 1.4 mA lower than achieved, but can 
still be seen as a relatively good result. Note that main part of the current 
consumption in low power mode is consumed by the LO buffer and OP 
amplifier, consuming approximately 70 % of the total current in the low power 
mode.  

7.15 Temperature simulation results 

Output power, linearity and current consumption are some of the simulation 
results that this far have been presented. There are of course additional 
simulations that are of interest in circuit design. In this chapter and in the 
following, additional simulation results are shown. Temperature dependence, 
noise and corner simulations are some of them. 

7.15.1 Output power versus temperature simulation results 

In the top level schematic for IRMA, a bias circuit is implemented generating 
bias currents to the different circuit blocks. Transistors generating those 
currents are temperature dependent. During mixer design, ideal current 
sources were used for current generation. To get close to reality, the ideal 
current sources during design, is defined with a temperature dependent 
coefficient. The current sources are dependent on temperature according to the 
following equation. 

0
00

1
)),(1(

T
KwhereTTKII =−+×=  

In the simulations the constant K is set to 1/300 Kelvin. T is the ambient 
temperature in Kelvin and I0 is the generated current at room temperature. 
Output power versus temperature is shown in Figure 7.32. 
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Figure 7.32 Simulation results of output power versus temperature 

7.15.2 Current versus temperature simulation results 

With temperature dependent current sources introduced, total current 
consumption versus temperature is simulated and shown in Figure 7.33.  

 

Figure 7.33 Simulation results of current consumption versus temperature 
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7.15.3 Conclusions of temperature dependence 

The output power decreases by no more then 0.4 dB from a temperature of 25 
degrees to 75 degrees. According to experienced engineers, the output power 
should not vary by more then 1 dB between 25 and 75 degrees. An output 
power difference of 0.4 dB can therefore be seen as a good result.  

7.16 Corner simulation results 

Components from the C11N model libraries have this far been simulated with 
nominal process parameters. Process parameters can be changed by a 
change in the model library files from nominal to slow or fast process. The slow 
process bring simulations for slow NMOS and PMOS transistors, while the fast 
process results in simulations for fast NMOS and PMOS transistors. In the 
corner simulations, process parameters for both active and passive 
components are changed. Gate oxide thickness is one example of process 
parameter that is changed and affects the transistor threshold voltage and thus 
the transistor current capability. Simulation results for output power at different 
temperatures for slow and fast processes are shown in Figure 7.34 and Figure 
7.35 respectively.  

7.16.1 Slow process simulation results 

Marker A in Figure 7.34 is placed at the output power at room temperature. 

 

Figure 7.34 Slow process corner simulations versus temperature 

7.16.2 Fast process simulation results 

Output power at room temperature in Figure 7.35 is marked with a dot.  
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Figure 7.35 Fast process corner simulations versus temperature 

7.16.3 Conclusions from corner simulations 

The slow simulation shows that output power is decreased by less than 1 dB at 
room temperature. An output power of 5.78 dBm at room temperature is not 
much less than the nominal output power and still larger than the minimum 
specified output power in the design specification. Even at higher temperature 
the output power is larger than the minimum 4 dBm specified.  

Output power from the fast process simulation lies within the specified 
requirements over the entire temperature range. 

7.17 Noise simulation results 

According to the design specification noise out-of-band should nominal be -140 
dBm/Hz. The noise simulation is done with a DC signal at the IF input and 
simulated in a PSS simulation.  

The noise simulation results are shown in Figure 7.36. As seen in the figure 
noise is here expressed in voltage as V/√Hz. Conversion to dBm/Hz is done by 
looking at the units  
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Conversions are simply done by squaring the V/√Hz simulated value and divide 
the result by the load resistance. 
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Figure 7.36 Simulation results of output noise  

7.17.1 Conclusions from noise simulations 

According to Figure 7.36 the output noise is 894.9 pV/√Hz, which means an 
output noise of -168 dBm/Hz. This is a value that lies within the specified 
targets. 

7.18 Gain variation simulation results 

Figure 7.37 shows a simulation of difference in output power at different LO 
frequencies.  

 

Figure 7.37 Simulation results of power variation depending on LO frequency 
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7.18.1 Conclusions from gain variation simulation 

A maximum output power difference of 0.35 dB between the LO frequencies of 
2.4 and 2.5 GHz, is an acceptable result according to the specified maximum 1 
dB output power difference. 

7.19 S-parameter simulation results 

In RF design, S-parameters play a central role. S-parameters are power wave 
descriptors that define the input-output relations of a network in terms of 
incident and reflected power waves. For a two port network the S21 parameter 
is described as the transmitted power wave at the output port divided by the 
incident power wave at the input port [12]. The S21 parameter is simulated with 
a DC signal at the input port with the resistance of the input port matched to the 
input impedance of IRMA. 

7.19.1 S21 simulation results 

The S21 parameter simulation results for IRMA are shown in Figure 7.38. 

 

Figure 7.38 S21 simulation results 

7.19.2 Conclusions from S21 simulations 

The S21 parameter simulation in Figure 7.38 shows that the ratio between the 
power transmitted to the 50 Ω antenna and the incident power from the input 
port in approximately 31.5 dB. The S-parameter response is symmetrically 
centered at the centre frequency (marked as 0 Hz because of relative 
frequency at the x axis). 
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7.20 LO buffer design 

This chapter describes the design of the LO buffer. Figure 7.39 shows the 
schematic for the LO buffer, that generates LO signals large enough to switch 
the switching transistors in the mixer core totally on and off. 

 

Figure 7.39 Schematic of the LO buffer 

The schematic of the LO buffer is a development of a previous design, that 
consisted only one simple differential amplifier. Replacements of the single 
differential amplifier with three in parallel and an increase of the reference 
current generates a LO signal large enough to drive the switching transistors. 
Details about dimensions of the transistors and resistor are not given, while the 
LO buffer is not the core of the design work. The buffer amplifies the incoming 
300 mV peak differential signal to a 625 mV peak differential signal. An even 
larger signal can be generated but due to the cost in current consumption that it 
brings, a 625 mA peak differential signal is enough, already consuming over 6 
mA. 

A simulation have been done comparing the output power and the differential 
peak value of the LO signal. The simulation showed that maximum output 
power is generated by a differential peak value above 0.8 V. The 0.625 mV on 
the other hand is sufficiently large without contributing too much power loss. 
Figure 7.40 shows the simulated LO signal with a 625 mV differential peak 
value.  
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Figure 7.40 The simulated LO signal 

7.21 OP amplifier 

The OP amplifier (see Figure 7.41) placed at the input to the power mixer is 
taken directly from Infineons earlier Bluetooth transmitter. No changes are 
made in the schematic. A reference voltage of 0.8 V is generated with a voltage 
source to the vref input pin shown in the schematic. 

 

Figure 7.41 Schematic of the OP amplifier 

vref 
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7.22 Bias circuit design 

The bias circuit generating appropriate bias currents to different circuit blocks is 
shown in Figure 7.42. The strategy for generating currents is to use CMOS 
current mirrors. A 25 µA current is used as reference current to the circuit.  

 

Figure 7.42 Schematic of the bias circuit used for IRMA 

The current equation for the current through a PMOS analog transistor is used 
for finding an appropriate width for the reference transistor P4 that is shown in 
the figure.  
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Calculated transistor width is 13 µm, but 15 µm is the used width. Twice as 
large bias current (50 µA) to the OP amplifier is generated by a double 
transistor width of this transistor. Further increase of transistor width, to 120 
µm, generates an appropriate 200 µA bias current to the LO buffer. A mixer 
reference current of 25 µA is generated by a NMOS analog transistor and 
dimensioned with a width of 5 µA according to the following equation for the 
current through it. The calculated value is over 3 µm, but 5 µm is the chosen 
value.  
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7.23 Additional components used at the top level 

ESD protection circuits, bypass capacitors and a n-well circuit used for the RF 
pads are additional components used at the top level. Those components are 
only shortly described in this section and schematics are not shown in the 
report. The components are implemented in the top level layout and will be 
further described in the layout chapter. 

! ESD (Electro Static Discharge) protector circuits - are used to 
protect integrated circuits against ESD damages [13]. The ESD circuit 
used is a diode implementation for electro static discharge.  

! Bypass capacitors - are used for minimization of noise in analog 
microcircuits [9].  

! N-well circuit for RF pads - A circuit that is used for the RF pads to 
decrease parasitic capacitance at the radio frequency outputs. 
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8 POWER MIXER LAYOUT DESIGN 

In this chapter, the layout design of the power mixer circuit is described. Some 
information about design flow, methods and simulations is an introduction that 
is followed by layout design description of the top level circuit. Layout design of 
each circuit follows and finally some simulation results are presented. 

8.1 Design flow 

From a complete top level schematic, layout design for IRMA began. Using a 
“bottom-up” concept, block wise layout design from the “bottom” of the 
schematic, generated a final power mixer layout corresponding to the top level 
schematic. Different checks, during the layout design, verified that the layout 
was made according to current design rules. Simulations on a view with 
extracted parasitic resistor and capacitor from the final layout, proved the final 
functionality. 

8.2 Methods 

Cadence enables different layout checks, like DRC- Design Rule Check and 
LVS- Layout Versus Schematic. DRC checks for example minimum distance 
between metals. LVS is a check that is used when DRC errors are corrected 
and compares the schematic and the layout. Cadence also enables an 
Antenna DRC check that will be described during the layout design section. 
The ERC- Electrical Rule Check is another check for verification of the 
connectivity. The ERC checks for example if there are n-well areas not 
connected to the high power supply.  

8.3 Top level layout for IRMA  

The top level layout for IRMA is shown in Figure 8.1. The top level layout 
includes IRMA, pads, ESD protection circuits, bypass capacitors and certain n-
well diffusions areas for the RF pads.  
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Figure 8.1 Top level layout for IRMA 
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8.3.1 Floor-planning 

Output and input signals are connected to the package via bond wires 
connected to pads that are placed around the IRMA circuit. Pads are placed 
with considerations to an already existing test circuit board that should be used 
for IRMA. The available test circuit board is made for a large 48 pin VQFN 
package and that is the reason why the total chip area used for IRMA is much 
larger than the actual active part, as shown in Figure 8.1. The large chip area is 
required to not exceed the maximum bond wire length of 3 mm. Placements of 
the pads close to IRMA would result in too long bond wires to the 48 pin VQFN 
package. The placement of IRMA is done with respect to the RF outputs. IRMA 
is placed in the left bottom corner with the RF outputs connected to special RF 
pads, the yellow ones in the figure. The RF outputs are close and 
symmetrically placed to the RF outputs of the packages, avoiding RF signals 
travelling long ways. High frequency operations affect wires, introducing 
additional capacitive and inductive characteristics, which can affect their 
behaviour. Therefore, radio frequency output wires are kept short. 

Large metal area also includes more parasitic capacitors, which is undesirable 
in high frequency regions because of the low impedance against high 
frequency signals.  

Metal wires connecting signals from the power mixer to the pads are 
represented with different colours for different metals. For high frequency 
signals, metals of higher level are used to avoid large additional capacitive 
effects.  

8.3.2 Substrate contacts and bypass capacitors 

Throughout the microcircuit implanted p+ regions are present in the p- 
substrate region, called substrate ties. Substrate ties are used to connect the 
substrate to ground in microcircuits. Substrate ties that are placed beside 
transistor diffusion areas are called guard rings. For a NMOS transistor, p+ 
diffusions are placed beside the n+ diffusion areas. Guard rings are hence also 
used in microcircuits for connecting the silicon substrate to ground. In addition 
the backside of the chip is connected to ground through a package connection. 
While the guard rings constitute a low impedance path between the substrate 
and ground, the connection also help to keep substrate noise from propagating 
through the resistive substrate. In the same way as p+ diffusion areas connects 
the substrate to ground, n+ diffusion areas connects n-well regions to the 
positive power supply. Those n-well regions also generate a junction to the 
substrate, working as a bypass capacitor decreasing the noise at the high 
power supply [9].  

For minimization of noise in the analog microcircuit bypass capacitors are 
coupled to supply and current inputs to the circuit. In Figure 8.1, bypass 
capacitors filter noise from four different supply sources (Vdd_mixer, Vdd_LO, 
Vdd_ OP and VSS) and from the current source.  
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8.3.3 RF pads 

The environment for the RF pads used for the RF output signals differ a little 
from the environment around the pads used for low frequency signals. Usual 
pads are aluminium connection surfaces, which bond wires are connected to. 
Unwanted parasitic capacitors will be present under the pads (with underlying 
metals) and the grounded substrate. The impedance for the paracitic 
capacitors is reduced for high frequency signals and the signals fears to take 
other paths which results in losses. Pads for high frequency signals are 
designed taking parasitic capacitors into consideration. An n-well region with n+ 
diffusion regions under the RF pads connected to the high supply voltage 
through a resistor, contribute an additional parasitic capacitor in series with 
previous parasitic capacitor, which reduces the total capacitance. Total 
reduced capacitance, leads to higher impedance against high frequency 
signals. The RF outputs with pads, ESD protection circuits, n-well diffusion 
regions and bypass capacitors are shown in Figure 8.2. 

 

Figure 8.2 Environment around the RF pads. 

8.3.4 Charging 

Charging is a process that is caused by reactive ion etching manufacturing 
steps. If, during etching, a metal area is charged and results in a current that 
will flow from the metal area through for example a gate oxide, the current 
through the gate oxide can cause irreversible damage. It can affect the gate so 
that for example reliability fails, threshold voltages and transconductance shifts. 
An Antenna DRC is available in the C11N process that checks if metals 
connected to transistor gates are sufficiently large to bring currents that can 
affect the gate. Two different solutions to the problem have been used for 
IRMA. Some large metal areas have been “divided” by the use of vias and 
higher metal layers. Another solution to the problem is to let diodes carry the 
current down to the substrate. The diode is often reverse-biased and during the 
high temperature etching process the diode changes its electrical behaviour 
and acts like a resistor. In normal circuit operation the diode is reversed biased 
and do not short. Reversed biased diodes have been inserted at some of the 
inputs.  
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8.3.5 Differential technique 

Differential technique can be preferred when it comes to noise considerations. 
Noise that appears on both components of a differential signal appears as a 
common-mode signal. Differential technique works with differences in signals 
and has therefore the advantage that the common-mode noise signal gets 
attenuated by common-mode rejection. Differential technique can therefore be 
preferable, but it also creates a need for a symmetric and careful layout design. 
Symmetric design is necessary to avoid off-sets which for example can result in 
LO feedthrough [14].  

8.4 Output power simulation results 

The layout of IRMA is simulated using the same test bench as for the 
schematic. The layout view is converted to a so called extracted view, where all 
parasitic capacitors and resistors are extracted and included in the simulation 
results. Output power simulation results are shown in Figure 8.3. As seen in the 
figure, simulated output power is 6 dBm. Output power has decreased 
compared to 6.6 dBm output power from the schematic simulations, because of 
losses through parasites. But the simulated 6.0 dBm output power is the typical 
specified, and is therefore a good result.  

 

Figure 8.3 Output power simulation results on extracted view 

8.5 LO feedthrough simulation results 

A simulation that not has been simulated on the schematic view is the LO 
feedthrough simulation, which shows effects of mismatch in the circuit. 
Simulations shows (Figure 8.4) a LO feedthrough of -63 dBm when simulated 
for maximum output power, a results that interpret good matching, with a 
difference of 69 dB to the maximum output power. The simulation is done with 
0 V applied at the IF port. 

6.0 dBm 
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Figure 8.4 LO feedthrough simulation results on extracted view 

8.6 Fine step variable gain simulation results 

Extracted resistors and capacitors introduce long simulation times. Therefore, 
only a few fine step output power adjustments are simulated at the layout level. 

Simulation results of 1 dB variable steps on the extracted view are shown in 
Figure 8.5. A simulated output power of 4.97 dBm at gain setting for maximum 
output power -1 dB , means a difference of -1.03 dB to the maximum output 
power of 6 dBm. The result is very close to the expected value of -1 dB. The 
second gain setting, 2 dB under the maximum, results in an output power of 
3.94 dBm, which is a gain step of -1.03 dB compared to 4.97 dBm. All gain 
settings are not simulated but the minimum fine step gain setting results in an 
output power of approximately -9.5 dBm. Fine step gain setting ranges 
therefore from 0 to -15.5 dB, which is a satisfactory result compared to the 
expected range of 0 to -15 dB.  
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Figure 8.5 Fine step variable gain simulation results on the extracted view 

8.7 Layout design for IRMA 

Figure 8.6 shows the layout for IRMA. The large green areas are metal areas 
for supply signals. Dark blue, light blue and yellow areas are different metal 
layers. Power mixer IRMA is build up by sub-cells. In the top of the layout the 
bias circuit is placed. Beneath this bias circuit the OP amplifier is placed, on top 
of the variable resistor which is shown as the brown nicely shaped areas. 
Current mirrors and the V/I conversion stage are placed below the variable 
resistor. The variable current block, aiming for 6 dB adjustable output power 
steps, is shown as the large block in the middle of the figure. Output RF signals 
and mixer core are shown in the bottom of the layout and the LO buffer is 
placed in the right bottom corner. Planning of the power mixer is done, aiming 
for a symmetric design.  
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Figure 8.6 Layout of power mixer IRMA 

 

8.7.1 Layout of bias circuit 

Layout design for the bias circuit, shown in Figure 8.7, is symmetrically 
planned. Therefore, six unconnected dummy transistors are inserted in the 
layout. Strategy in the layout is to divided larger transistors into several equally 
sized as the transistor receiving the reference current.  

≈ 650 µm 

≈ 660 µm 
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Figure 8.7 Layout of bias circuit 

8.7.2 Layout of fine step variable resistor  

Design of the variable resistor, shown in Figure 8.8, turned out to be pretty 
complicated. The complex resistor values made attempts to find a common 
length for all resistors impossible. If the ratio between the resistors had been 
integers, one large resistor could be split in several, n times the smallest one 
leading to a more “rectangular” design. The resistors are designed with the 
same width but different length. The digital switches, controlled by the 4 to 16 
decoder placed in the bottom of the figure, are placed in the middle between 
the resistors. The resistors are of polysilicon type. Polysilicon is a resistive 
material with a certain resistivity per area unit, giving the resistor a certain 
resistance value. 

 

Figure 8.8 Layout of the fine step variable resistor 
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8.7.3 Layout of coarse step variable gain 

Layout for a sub cell, part of the variable current block, contains not only 
transistors and resistors but also two different capacitors types. Two capacitors 
shown in the bottom of Figure 8.9, are metal capacitors. The capacitance 
constitutes two metal plates of high metal layers with an oxide as insulator 
between the plates. The third capacitor shown in the top of the figure is an n-
type field effect transistor capacitor, where the gate constitutes one metal plate 
and the gate oxide the insulator material. The drain and source are coupled 
together and used as the second capacitor plate. 

 

Figure 8.9 Layout of one sub cell of the coarse variable current block 

The variable current block, shown in Figure 8.10, consists of 64 sub cells 
shown in Figure 8.9. 
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Figure 8.10 Layout of the 6 dB variable current block 
 
 

8.7.4 Layout of the mixer core 

Symmetric design for the high frequency output is very important. Wires for the 
differential LO, input and output signal are all designed with the same length to 
avoid all kinds of mismatch that can lead to LO feedthrough etc. Layout of the 
mixer core is shown in Figure 8.11. 

 

 

Figure 8.11 Layout of the mixer core 
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8.7.5 Layout of LO buffer 

LO buffer layout (Figure 8.12) also requires accurate symmetrical design while 
it generates high frequency LO signals for switching the mixer core. The yellow 
symmetrical LO output signals are shown in the top of the figure.  

 

 

Figure 8.12 Layout of the LO buffer 
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9 CONCLUSIONS 

This section summarizes the final conclusions of the power mixer design.  

9.1 Summarized conclusions 

The thesis work has resulted in a power mixer design that fulfils all target 
specified apart from a too large current consumption when the circuit is used in 
the maximum output power mode. However, current consumption is reduced by 
approximately 11 % compared to today’s Bluetooth modulator. All simulation 
results are shown in Appendix D. Appendix D shows a comparison of the target 
specified and the simulated results. A maximum output power of 6 dBm is 
reached and output power is adjustable in fine 1 dB steps and coarse 6 dB 
steps. Variations of the implemented 6 dB steps are acceptable because of the 
fine steps that can be used for fine regulations. Linearity requirements are 
fulfilled with margins to the targets. Temperature and corner simulations for fast 
and slow transistors show that the power mixer fulfils the requirements even for 
not ideal surroundings.   

Not only a schematic design but also a layout design, for which parasitic 
resistance and capacitance has been extracted, proves the final power mixer 
functionality. Parasites contribute decrease in output power compared to the 
schematic output power result but lies in the range of the specified value. 
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10 DISCUSSION AND FUTURE DIRECTIONS 

This section presents discussion and improvements that can be made in the circuit 
design. Some future directions about polar modulation are also discussed. 

10.1 Improvements 

Margins to the linearity targets give possibilities to further decrease the current 
consumption. A decrease of the V/I conversion resistor in the V/I conversion circuit 
reduces the amplification needed by the current mirrors below the mixer core. This 
is a design change that can reduce current consumption further. The reason for 
why this design change is not implemented is that the linearity requirements were 
not set from the start of the power mixer design. The requirements were known first 
when the design should be implemented in layout. Therefore, a redesign was not 
possible due to limited time.  

The schematic and layout output power simulation results show that the extracted 
parasites reduce the total output power. For a next high frequency circuit design 
parasites could be included even in the schematic design to have more control of 
the results from the layout design. 

10.2 About polar modulation technique 

According to the simulation results and conclusions a good power mixer for polar 
modulation has been designed. The reduce in current consumption in comparison 
with the modulator used in today’s Bluetooth transmitter shows that polar 
modulation technique is a technique with large possibilities when it comes to 
current consumption reduction. Design of the entire transmitter chain for polar 
modulation technique can really be something for the future. 

There are not only advantages with polar modulation. Polar modulation also 
introduces challenges and difficulties in the transmitter chain. Matching 
between the amplitude and phase path and increased bandwidth requirements 
are some of the challenges that arise when using polar modulation. The 
different signal processing stages in the separated amplitude and phase paths 
introduce different time delays for these signals [15]. 
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12 APPENDIX 

12.1 Appendix A – Power mixer design specification 

 

 

 

 

 

 

 

 

TX-RF CMOS mixer design specification for Bluetooth 

 

 

Abstract 

This document is a specification of TX_RF CMOS mixer design for Bluetooth.  
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Introduction 

Purpose 

The purpose is to design a TX-RF CMOS mixer with variable gain control and high power 
output that has the advantages that no output drivers are needed and current consumption can 
be reduced when the mixer is not used in the maximum output power mode.  

Goal 

The goal is to design a TX-RF mixer in CMOS technology and fulfill the requirements that are 
specified in the design specification. 

Method 

The mixer will be designed in Cadence and simulations will be performed using SpectreRF and 
maybe also ADS- Advanced Design System. The mixer shall be designed in Infineon´s 0.13µm 
process C11.   

Background 

Bluetooth transmitters use three modulation techniques to enable high data rate throughput. 
One modulation technique is the Gaussian frequency shift keying (GFSK) that allows a data 
rate of 1Mbps. The other two techniques are pi/4 differential quaternary phase shift keying (pi/4 
DQPSK) that allow a maximum speed of 2 Mbps and eight phase differential phase shift keying 
(8DPSK) that enables a data rate of 3 Mbps. 

The digital base band modulator generates I and Q signals, see Figure 1 below. The I and Q 
signals goes through a transmission filter to reduces the spectrum. The GFSK modulation uses 
a Gaussian transmit filter while the other modulation techniques uses a Square Root Raised 
Cosine filter to avoid Inter-Symbol Interference ISI. The signals are converted to analog 
through a digital to analog converter (DAC). The two signals are separately mixed with a carrier 
frequency and summarized. The modulated signal is amplified to achieve the power required to 
the antenna. 

 

 
 

Figure 1 Block diagram using a direct up-conversion  
image reject mixer followed by PA 

Battery life is a feature that is of particular importance in many cordless and especially 
Bluetooth applications. The above shown architecture requires two mixers and a power 
amplifier. Those are components that operate at high frequency and consume current. A 
question arises- Is it possible to do changes that reduces the current consumption?  
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Description of the “new” TX-RF CMOS mixer 

Transmitter block diagram 

A simplified block diagram of the transmitter including the “new” mixer is shown in Figure 2. 
The digital base band signal is modulated as GFSK, QPSK or 8-DPSK. The I and Q information 
is then transformed to polar representation, where A and φ represents the amplitude and phase 
of the modulated data. The digital PLL generates the LO frequency, modulated on the phase. 
Amplitude and frequency information reaches the mixer that generates the up converted RF 
signal. 

  
Figure 2 Simplified transmitter block diagram of the “new” TX-RF mixer 

The power mixer in more detail is shown in the simplified block diagram in Figure 3 below. The 
mixer contains a voltage to current converter with variable gain. Gain can be adjusted through 
a digitally controlled programmable circuit in fine 1dB steps or in coarse 9dB steps. The mixer 
is designed in 0.13µm CMOS technology. A bias block supply the V/I, mixer and LO buffer with 
currents and voltages. 

 
Figure 3 Simplified block diagram of the power mixer 

The above proposed architecture would reduce the number of mixers from two to one and no 
separate power amplifier would be needed, as the mixer also is a “power amplifier”. Because of 
programmable output power, current consumption can be reduced.  
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Circuit interface 

Interface for the IF input is shown in the block diagram in Figure 2 above. The IF input is a 
differential signal. The RF output of the mixer is a differential RF signal which through a 
matching network and a balun converts the load impedance of 200 ohm to a 50 ohm single 
ended output. 
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Design specification 

 
Target Spec Symbol Parameter 

Min Typ Max 
Unit Comment 

Pmax_GFSK Max output power  4 6 8 dBm GFSK mode 

Pout_GFSK Output power range -30 0 6 dBm GFSK mode 

Pmax_xDPSK Max output power 0 3 5 dBm xDPSK mode 

Pout_xDPSK Output power range -30 0 3 dBm xDPSK mode 

Fine step Fine step for power gain  1  dB  

Coarse step Coarse step for power 
Gain 

 6  dB Can be 
adjusted 

N_fine Number of fine steps  16    

N_coarse Number of coarse steps  6    

D_fine Number of digital control 
bits for fine gain setting 

 4    

D_coarse Number of digital control 
bits for coarse 
gain setting 

 3    

IM3 3rd order intermodulation   35  dBc NA 

CP1dB 1 dB output Compression 
Point  

 3  dB Pout + 3dB 

 -20  dBc @ ± 500kHz 
frequency offset 

 -20  dBm @ ± 2MHz 
frequency offset 

TX_power 
 

In-band spurious emission 

 -40  dBm @±3MHz 
frequency offset 

TX_power Out-of-band output power 
(noise)  

 -140 -130 dBm/Hz  

I_max Current consumption at 
maximum output power 

  25 mA  

I_-6dB Current consumption at  
-6dB output power 

  18 mA  

BWIF Bandwidth for IF signal  5  MHz Simulated 

VIF Amplitude for IF signal  1  Vpdiff  

VLO Amplitude for LO signal 0,2 0,3 0,5 Vpdiff  

FLO Frequency for LO signal 2,4  2,5 GHz  

LOfeed LO feedthrough   -30 dBc  

IMR Image Rejection   -35 dBc  

Zload Load impedance  200  Ω ohm 

Vdd Supply voltage 1.8 2.0 2.2 V  

Otamb Operating Ambient 
Temperature 

-40  85 °C  

∆_power Gain variation  1  dB At different LO 
frequencies 
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Signal list 

 

 

Operating conditions 

Vdd- Supply voltage    1.8 to 2.2 V (Typ 2.0) 

Operating Ambient Temperature   -40 to 85 °C 

Operating frequency    2400 to 2500 MHz 

 

 

Revision information 

 
Rev Description Name Date 
PA1 New document Anna-Maria Lann 2005-07-05 
PA2 Updated after review 

by Stefan van 
Waasen 

Anna-Maria Lann 2005-07-08 

PA3 Updated during 
design after review by 
Fredik Pusa 

Anna-Maria Lann 2005-09-28 

 
 

 

Name Type Description Comment 
TX_EN Digital in Transmit enable, active high  
IF_P In  Intermediate signal input  
IF_N In  Intermediate signal input  
LO_P In Local oscillator signal input  
LO_N In Local oscillator signal input  
RF_P Out RF signal output  
RF_N Out RF signal output  
IREF Analog in Reference bias current input 25u 
D_A<3:0> Digital in 4 bit control bus for fine gain 

setting; 0=min gain; 16=max gain 
 

D_A<2:0> Digital in 3 bit control bus for coarse gain 
setting;  

 

VDD 2.0V Supply voltage  
GND 0V Common ground  
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12.2 Appendix B – Linearity requirements for polar modulation 
       

Landmark 2005-09-30 
 
Short note on linearity requirements on mixer for polar modulation 
 
To come up with some kind of linearity requirements on a mixer for polar modulation a simple 
Matlab/Simulink model was created. The model consists of a digital modulator generating I&Q data 
for either a random sequence 8-PSK or random sequence GFSK. The modulator generates signals 
that is similar the BT 2 + EDR spec except that the package structure is ignored, i.e. no header no 
access code etc.. These IQ data is fed into a polar modulator. The polar modulator consists of an 
I&Q to MAG&phase converter. The phase is differentiated and fed to a VCO with nominal frequency 
of 4 MHz. The VCO output is mixed with the amplitude signal. 
The output from the mixer is then analysed. For a PSK sequence RMS and Peak DEVM and the 
spectrum is considered. For a GFSK signal only the spectrum is considered. 
Below is a sketch of the simulation model. The upper blocks are used to measure the non-linearity 
of the mixer as described later in this paper. 
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To get the mixer non-linear a tanh function was added to the Magnitude input of the mixer. As I 
turns out it does no difference if the tanh function is added on the output or the magnitude input of 
the mixer. To be able to vary the non-linearity the signal is scaled before the tanh function and then 
scaled back. Below is a sketch of the polar modulator.  
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With this model the non-linearity and its impact on the TX performance was investigated. 
 
PSK modulation 
 
Below is a figure with the RMS and Peak DEVM as a function of the scale factor. The BT spec 
value for these quantities is 0.13 and 0.25. But we want some margin to allow for other 
imperfections. Thus a requirement on the scale factor could be 0 dB. 
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Below is the spurious power in the FFT bin 1 MHz away from the channel center relative to the 
power in the FFT bin at the center of the channel. This is not a correct measured spec point but it 
gives a good view the spectral broadening of the signal. The spurious power 1 MHz away from the 
channel center should be 26 dB below the channel power. Then again we want some margins thus 
we end up with the requirement that the scale factor should be below 0 dB. 
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GFSK modulation 
Since the GFSK modulation has a constant envelop the non linearity of the mixer only creates 
harmonics on the LO and these harmonics is not considered in this investigation. 
 
Linearity requirements 
To be able to define a good linearity measurement on a mixer used for polar modulation signals that 
look like the real signals must be used. A reasonable test case can be defined as:  
IF input should be a DC + sinusoidal that emulates the normal amplitude signal. Then the linearity 
of the mixer is measured by measuring the output spectrum as in the figure below. 

Frequency  
Flo+Fif 

Flo+3Fif 

HD3 
HD2 

Flo 

Flo+2Fif 

 
So how should the DC and the sinusoidal be chosen? In this investigation the values has been 
chosen so that the RMS power out from the mixer should be correct and the maximum amplitude 
should also be correct. This will ensure that the mixer is working in the correct range and that the 
full non-linearity of the mixer is captured. The envelop of a PSK signal has a RMS value of 0.7 and 
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a maximum value of about 1, i.e. a peak to average ratio of 3 dB. This gives that the DC level 
should be 2/3 and the sinusoidal amplitude 1/3. 
Below is a figure of how the HD2 and HD3 are related to the scale factor. 
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As seen from the figure the HD2 is fairly constant and drops some at high scale factors. This is 
probably due to that the model doesn’t generate any 2nd harmonics. The drop is due to that the 
power in the wanted signal is dropping. The HD3 behaves more like one would expect. The 
requirement is that the scale factor should be below 0 dB so the HD3 should be below -35 dB. 
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12.3 Appendix C – Schematics of testbench components 

 
 Figure 1 Schematic of package model 

 

 
 Figure 2 Schematic of the OMN/BalUn 
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12.4 Appendix D – Target/simulations  
Symbol Target Spec Design Unit Comment 

 

Parameter 
Min Typ Max Min Typ Max   

Pmax_G
FSK 

Max output power   4 6 8  6.6  dBm GFSK mode 
(schematic 
design) 

Pmax_G
FSK 

Max output power   4 6 8  6  dBm GFSK mode 
(layout design) 

Pout_GF
SK 

Output power range -30 0 6 -50  6.7 dBm GFSK mode 

Pmax_xD
PSK 

Max output power 0 3 5    dBm xDPSK mode 

Pout_xD
PSK 

Output power range -30 0 3    dBm xDPSK mode 

Fine step Fine step for power 
gain 

 1  0.97 1 1.03 dB  

Coarse 
step 

Coarse step for 
power 
Gain 

 6  5.3 6 9.4 dB Can be 
adjusted 

N_fine Number of fine steps  16   16    

N_coarse Number of coarse 
steps 

 6   6    

D_fine Number of digital 
control bits for fine 
gain setting 

 4   4    

D_coarse Number of digital 
control bits for coarse 
gain setting 

 3   3    

IM3 3rd order 
intermodulation  

 35   -  dBc NA 

HD2   -14   -20.5  dBc Not decided 
from start 

HD3   -36   -38  dBc Not decided 
from start 

CP1dB 1 dB output 
Compression Point  

 3   11.5  dBm Pout + 3dB 

 -20     dBc @ ± 500kHz 
frequency 
offset 

 -20     dBm @ ± 2MHz 
frequency 
offset 

TX_powe
r 
 

In-band spurious 
emission 

 -40     dBm @±3MHz 
frequency 
offset 

TX_powe
r 

Out-of-band output 
power (noise)  

 -140 -130  -168  dBm/Hz  

I_max Current consumption 
at maximum output 
power 

  25  29.84  mA  

I_-6dB Current consumption 
at  
-6dB output power 

  18  19.44  mA  

BWIF Bandwidth for IF 
signal 

 5   5  MHz Simulated 

VIF Amplitude for IF 
signal 

 1   1  Vpdiff  
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VLO Amplitude for LO 
signal 

0,2 0,3 0,5 0.2 0.3 0.5 Vpdiff  

FLO Frequency for LO  2,4  2,5 2.4  2.5 GHz  

LOfeed LO feedthrough   -30  -69  dBc  

IMR Image Rejection   -35    dBc  

Zload Load impedance  200   200  Ω ohm 

Vdd Supply voltage 1.8 2.0 2.2  2  V  
Otamb Operating Ambient 

Temperature 
-40  85 -40  85 °C  

∆_power Gain variation  1   0.35  dB At different LO 
frequencies 

 

 


