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process. The TX active core occupies 1.4 mm × 0.5 mm including RF front-end as 

well as analog baseband. The design was tested on PCB with Rogers 4350. The 

measurement result shows that the designed TX achieves a power gain of 11 dB when 

VGA is set to the lowest bit. The operation frequency is from 350 MHz to 1.35 GHz. 

The output 1 dB compression point is measured at -0.7 dBm and the output 3rd-order 

intercept point is 8.3 dBm at the frequency of 782 MHz. The measured CIM3 and 3LO 

frequency component are less than -60 dBc and -45 dBc respectively up to output 1 dB 

compression point. The designed circuit also shows the consistency for the 

suppression of CIM3 to be less than -60 dBc over whole operating frequency. The 

power consumption of this TX is 190.8 mW with 1.8 V supply voltage.   
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1.2 Objectives 

This thesis is the continuous work of the previous literatures [11] [12] to explore the 

application of 33% duty cycle scheme in RF transmitter system for CIM products 

suppression. Different from the reference work, active mixer based architecture is 

employed in the proposed RF transmitter (TX) system.  33% duty cycle scheme is also 

applied targeting at suppression of undesirable counter 3rd-order intermodulation. In 

this thesis, the detailed design, layout, test and measurement procedure are presented. 

Besides, the designed system has a broad band test frequency range to verify the 

theory in active mixer based architecture. Overall, the system is designed towards to 

simplicity, low cost, easy implementation and adaptable to existing environments. 

To be more specific, this work: 

1) Designs an RF transmitter which is fabricated with GlobalFoundries (GF) RF 

CMOS 180nm technology and tested on PCB. The max routing layer used in 

the design is metal 5 and top power/ground layer is metal 6. 

2) Implements an RF transmitter with 33% duty cycle LO signal. The suppression 

of 3rd-order harmonic of LO signal is validated in the system. The 

measurement result indicates counter 3rd-order intermodulation product is 

sufficiently suppressed at the output stage for a large frequency range. 

3) Adopts active mixer based architecture. Unlike typical power mixer topology, 

more stages of PA driver are directly cascaded after the upconverter stage. PA 

driver is designed for gain and bandwidth optimization. There is no excessive 

generation of CIM3 caused by intermodulation at PA driver stage. This type of 

design targets to mitigate the design effort for gain and bandwidth 

requirements and power consumption of the transmitter. 

4) Designs an easily implementable divider circuit to generate the required 33% 

duty cycle LO signals. This circuit is able to produce 6-phase differential 

clocks with quadrature phases.  The effort is put in both the block and top 

circuit layout to minimize potential mismatch. 

1.3 Organization 

The rest of the thesis is organized as follows:  
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Chapter 2 gives a brief review of the state-of-the-art cellular transmitter architectures 

including passive mixer based voltage-mode transmitter and active mixer based 

current-mode transmitter. After that, generation of counter intermodulation products is 

explained in details, followed by the previous art of harmonic suppression techniques.  

Chapter 3 describes the architecture of the designed RF front-end with 33% duty cycle 

LO signal. The theory of harmonic suppression technique of the proposed architecture 

is explained.  

Chapter 4 presents the design of transmitter core blocks. Mixer element schematic and 

layout design are firstly discussed. It is followed by the divider circuit design to 

generate 33% duty cycle LO. Divide-by-2 and divide-by-3 circuits are combined to 

generate 6-phase differential 33% duty cycle LO signals. Optimization of parasitic 

parameters in the layout is provided in details.  Finally, it presents the design of PA 

driver and the considerations for the output stage,  

In Chapter 5, test and measurement of designed circuit are discussed. It shows the 

overall layout design and PCB design. It also presents the simulation and measurement 

results in this chapter. 

The final chapter concludes this thesis and gives further suggestions of the transmitter 

design.  
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Figure 3. Traditional power mixer based transmitter architecture [25]    

Figure 4 shows an example of passive mixer based voltage-mode transmitter [7]. In 

this design, the current signal first passes through a transimpedance low pass filter 

which is used to tune the bandwidth for multimode. Then the out-of-band noise of 

output voltage is further filtered out by a passive pole before reaching passive switches. 

The baseband voltage is sampled with 25% duty cycle LO for both I and Q channel. 

The final stage, pre-power amplifier, aka. PA driver, takes the up-converted signal 

from the mixers, provides a configurable differential to single-ended gain and feed it 

to the power amplifier. It consists a group of parallel common-source amplifiers which 

can be turned on or off by cascade thick-oxide transistors. The thick transistors also 

provide protection for pseudo-differential input transistors from 2.5V supply voltage in 

this publication. For LO signal, 25% duty cycle is most popular for passive mixers. It 

is because 25% duty cycle LO has 4 phases and can turn on the 4 switches (2 for I path, 

2 for Q path) alternatively to avoid turning on the switches concurrently like 50%. 

This method is able to improve the linearity of the sampling mixer [4] [27]. 



8 
 

LO 25% 
Duty Cycle

RF Out

Passive Pole Voltage Sampling 
Mixer

TILPF

To DAC

To DAC

PA Driver

Cascode Band/Gain 
Select

Integrated Baluns

Figure 4. Example of passive mixer based transmitter architecture [7]    

2.2 Generation of Counter Intermodulation 

Products 

As mentioned in Section 1.1, CIM products have become a major design consideration 

for 4th generation cellular transmitter. Several dominating causes have been identified 

for the generation of CIM3 components in Figure 5 [9] [10]. 
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Figure 10. Harmonic cancellation technique proposed in [9]   
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Figure 11. Block diagram of transmitter proposed in [9]   
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Figure 12. Harmonic cancellation technique proposed in [9]   
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This thesis is the continuation of the previous literature [11] to explore the application 

of 33% duty cycle scheme for CIM products suppression. The reference work studies 

the property of 33% duty cycle of LO signal and provides an innovative solution for 

harmonic suppression in passive mixer based TX system. Different from the reference 

work, active mixer based architecture is employed in the proposed RF transmitter (TX) 

system. 33% duty cycle scheme is also applied targeting at suppression of undesirable 

counter 3rd-order intermodulation. Besides, the designed system has a wide band test 

frequency range to further verify the attenuation of 3LO component. Overall, the 

system is designed towards to simplicity, low cost, easy implementation and adaptable 

to existing environments. The detailed explanation and circuit implementation will be 

discussed in following chapters.  
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Figure 14. Cartesian direct upconversion and I-Q balance without gain scaling, (a) LO signal with 33% duty cycle, (b) 3-phase mixer I, (c) 

vector summation for I/Q signal upconverted by 3-phase mixer I, (d) 3-phase mixer II, (e) vector summation for I/Q signal upconverted by 3-

phase mixer II, (f) final vector summation 
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Figure 15. Block diagram of designed RF transmitter with 33% duty cycle LO 
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3.4 Pre-designed Analog Baseband 

The gain and frequency range of pre-designed analog baseband circuit are shown in 

Figure 16. The baseband circuit is composed of a variable gain amplifier (VGA) and a 

low pass filter. The simulated gain range is from 0 to 32 dB and the -3 dB bandwidth 

is 5.6 MHz. 

 

Figure 16. Analog baseband circuit gain and bandwidth simulation results 
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Figure 17. Circuit diagram of double-balanced passive mixer 

One issue of the passive mixer is that the rail-to-rail LO signals are required to drive 

the switches, which is a disadvantage with respect to the active mixer. LO buffer 

should be provided at a cost of additional power consumption. The other issue related 

to the use of passive mixer topology is that for quadrature upconverter, the outputs 

from 2 mixers must be summed. However, passive mixers sense and produce voltages 

at the output, which makes the direct summation difficult. Therefore, a summation 

stage followed the passive mixers should be added to convert the voltage to current, 

sum the currents and convert the current to voltage as the output. However, this stage 

will increase the power consumption and degrade the linearity due to V-I conversion at 

the transconductance transistor. 

In a summary, the passive mixers have advantages of power and linearity performance 

in the transmitter design, but the gain needs to be compensated by the I-Q summation 

stage and the linearity will be degraded due to V-I conversion of this stage. The 

passive mixer also requires large LO swing which will increase the power budget 

when designing divider output buffers. In order to have more gain and relax the 

divider output buffer power consumption, and the noise requirement for RF transmitter 

is quite relaxed compared with RF receiver, we focused on the active mixer in the 

transmitter design. 

4.1.3 Active Mixers 
The second type of mixer reviewed is the active mixer. The most popular active mixer 

currently in use is Gilbert cell mixer. The circuit diagram of Gilbert cell active mixer 
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Figure 23. Simulation result of mixer IP1dB 

 

Figure 24. Simulation result of mixer IIP3 

The circuit layout of one mixer element is shown in Figure 25. All the 3 LO signals 

are placed on the right-hand side horizontally with equal distance from each other in 
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drawback is high power consumption since the static power consumption of flip-flop 

is high. Additionally, multi-phase outputs will consume additional power based on the 

number of phases needed.  

Similar to the first approach, using true single phase clock (TSPC) circuit to 

implement a divide-by-3 circuit with 33% duty cycle is published in [31]. It has 

similar specifications of the digital flip-flop based divider. The advantage compared 

with the first approach is it has lower power consumption. Since it is digital based, it 

can provide a multi-phase output based on digital design method. However, it does not 

provide differential phase which is not suitable to meet the requirement for this 

prototype. 

Another approach of quadrature output signal with 33% duty cycle can be realized by 

transformer-feedback injection-locked divide-by-3 frequency divider [32]. It enjoys 

the advantage of lower power consumption and low phase noise. However, it has two 

transformers which consume large die area and it is difficult to cover the target low-

frequency range, i.e. below 3 GHz for input frequency. Moreover, it suffers from 

limited input locking range. After the dividing, additional circuits should be provided 

to implement multi-phase signals which will add more power budget in the design. 

In this design, considering the priority of area efficiency and transmitter operating 

frequency, i.e. sub-GHz, the first approach, flip-flop-based digital divider, will be used 

and optimized in this design. In order to be differential and quadrature, the output 

signal is required to have 6 phases, i.e. 0°, 120°, 240°, 90°, 210°, and 330° (Figure 26). 

The circuit will be implemeted in the following sections to meet this requirement.  

÷2 ÷3

Divide-by-6 Circuit 

6LO 
LO [0:240:120]

LO [90:330:210]
Mixer 

Elements 

 

Figure 26. Circuit diagram of divide-by-6 circuit 

Considering the output, the output VPP should be around 0.6 V which will provide 

maximum gain for active mixers based on simulation. Buffers will be added before the 

mixers to achieve this requirement at a cost of certain power consumption.  
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For the output frequency, it should cover the range from 700 MHz to 1 GHz. 

Therefore, the divide-by-2 circuit should be able to divide the frequency up to 1 GHz 

× 6 = 6 GHz. In practical, considering the temperature and process variation, at least 

1.2 times this frequency should be considered during simulation. 

Besides, it is also important to have a compact and symmetric layout for this divider to 

minimize the routing distance and difference for each differential LO signal.  

4.2.2 Divide-by-2 Circuit Design 
The traditional CML based divide-by-2 circuit is used in this design which is realized 

by placing two D latches in a negative feedback loop as shown in Figure 27(a) and 

Figure 27(b). Suppose the input frequency is differential 6LO, after the divider circuit, 

differential in-phase and quadrature-phase 3LO will be generated at the output as 

shown in Figure 27(c). 

The layout of this divide-by-2 circuit is shown in Figure 28. In order to have 

maximum symmetry, the clock path and feedback signal path are routed in 90 degree. 

The benefits of this type of layout are:  

1) The circuit is complete symmetry for both input and output clock signals;  

2) The differential inputs are close to each other and pointed at the same 

direction, which will benefit the overall layout; 

3) The feedback signal path is minimized, the length is only slightly more 

than two times of the loading resistor length; 

4) The differential outputs are close to each other and pointed at the same 

direction, which will minimize the mismatch before reaching the next stage; 

5) Last but not least, the vertical length of a single latch is minimized. This 

layout method is applicable to all latch based designs. 
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Figure 27. Circuit and timing diagram of divide-by-2 circuit, (a) circuit diagram of 

divide-by-2 circuit, (b) D latch, (c) divide-by-2 circuit I/Q outputs 
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Figure 28. Layout of divide-by-2 circuit 
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4.2.3 Divide-by-3 Circuit Design 
The conventional CML based divide-by-3 circuit is shown in Figure 29(a).  It is 

composed of 2 D flip-flops (DFF) and 1 NOR logic. The DFF circuit and D-latch are 

shown in Figure 29(b) and Figure 29(c). The DFFs are clocked by 3LO and this circuit 

will generate 33% duty cycle LO signal. Suppose this signal has a phase of 0° and 

labeled as LO_0. More DFFs can be cascaded after the LO_0 to generate LO signals 

with phases of 240° and 120°. One dummy latch is placed at the last stage to provide a 

proper parasitic load for LO_120. 

However, this kind of design suffers from excessive parasitic capacitance at node X. 

The load at X includes 2 DFF input transistors, input transistor of NOR logic, and 

input transistor of the output buffer.  

An improved design to alleviate loading capacitance at node X is shown in Figure 30. 

Firstly, the NOR logic is placed at the input of the leftmost DFF. Secondly, one DFF is 

cascaded after node X and the LO_0 is defined at the output of this inserted DFF.  As a 

result, the contribution of the parasitic load at node X is only from one NOR logic 

input, one DFF input, and buffer input.  

The further improvement is shown in Figure 31. The NOR logic is merged into a D 

latch to become an OR-Latch in Figure 32(a). The detailed circuit diagram is depicted 

in Figure 32(b). Thus the circuit can be simplified. 
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Figure 29. Circuit diagram of conventional divide-by-3 circuit (Ver.1), (a) divide-by-3 

circuit, (b) DFF, (c) D latch 
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Figure 30. Circuit diagram of divide-by-3 circuit (Ver.2) 
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Figure 31. Circuit diagram of divide-by-3 circuit (Ver.3)
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Figure 33. Circuit diagram of divide-by-3 circuit with quadrature phases (Ver.4) 
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Figure 34. Timing diagram of divide-by-3 circuit with I-Q phases 
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Figure 36. Layout of divide-by-6 circuit 

4.2.4 Divide-by-6 Circuit Design 
The overall divide-by-6 circuit is shown in Figure 37. The connection between divide-

by-2 and divide-by-3 circuit is discussed in this section. It is found that single stage 

driver is not able to drive up to 6 numbers of DFF input in the divide-by-3 circuit. To 

realize the good driving capability, cascade buffer technique is used where 2 stages of 

buffers are connected in a tree structure. The number of the second stage buffer is 

doubled to ensure the driving capability. In addition, the 2 latches in the 3rd and the 7th 

DFFs are clocked with the same clock but from different 2nd stage buffers. The 

purpose is to balance the loading of 2nd stage buffer. However, there will still be a 
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mismatch between Q path and I path since each 2nd stage 3LO_Q buffer drives 5 

latches while 3LO_I buffer drives only 3 latches. This can be solved by cascading 

more dummy DFFs for 3LO_I but which is not necessary. The difference can be 

minimized by slightly increasing the power of 2nd stage buffer. 
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Figure 37. Circuit diagram of divide-by-6 circuit 
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Figure 39. Simulation result of divide-by-6 circuit single phase differential outputs 

      

Figure 40. Simulation result of divide-by-6 circuit output spectrum 
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Figure 41. Simulation result of divide-by-6 circuit 3-phase outputs 

  

Figure 42. Simulation result of divide-by-6 circuit quadrature outputs 
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Figure 43. Circuit diagram of output stage PA drivers, (a) 2-stage PA driver, (b) 1st 
stage PA driver, (c) 2nd stage PA driver 
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CHAPTER 5 Test and 

Measurement 
In this chapter, layout, test and measurement of the designed transmitter will be 

discussed. The top level chip layout is firstly discussed to accommodate for testing on 

PCB. It is followed by PCB design. Finally, the measurements result will be presented 

and compared. 

5.1 Top Level Chip Layout Design  
The overall die micrograph for the designed transmitter is shown in Figure 46. The 

figure highlights the placement of each circuit block, VDD/GND pads, input and 

output ports and chip size. 

 

Figure 46. Die micrograph of designed transmitter 

The first design consideration is the balance of power nets. In this design, both divider 

block and PA driver block consume tens of mAs. For such high current, thick and 

wide VDD/GND metal should be considered to reduce IR-drop. In addition, multiple 

VDD and GND pads are also placed at different corners to balance the power and 

ground nets. As shown in Figure 46, the VDD pad is labeled by a red cross and GND 
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pad is labeled by a black cross. There are totally 6 VDD pads and 8 GND pads used 

for TX circuit.  

The second design consideration is the directions of signal ports. Baseband inputs, 

6LO inputs, and RF outputs occupy 3 different directions. Such placement will benefit 

the PCB design and minimize signal paths. 

The third consideration is to increase the testability and tolerance of temperature and 

process variation. Each block will have its own bias and input common mode voltage 

control. As a cost, more bias pins are used. 

Last but not least, in this design, all the signal transistors are implemented with RF 

CMOS transistor model. Poly type resistors, Metal-Insulator-Metal (MIM) type 

capacitor, inductor model with calculation tool are used to further improve design 

accuracy over process and temperature variation. 

The active area of the designed TX is 1.4 mm × 0.5 mm = 0.7 mm2.  

5.2 PCB Design and Chip Connection 

5.2.1 PCB Design 
The designed transmitter chip is sliced together with a receiver chip which is 

positioned at the bottom of the transmitter (Figure 47). In order to be compatible with 

the sliced chip, the PCB is designed for the testing of both the transmitter and the 

receiver circuit. However, the RX circuit will not be discussed in this thesis.  

 

Figure 47. Die micrograph of DUT 
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The top layer of the designed PCB is shown in Figure 48. It shows the input ports and 

output ports of TX and RX.   

The PCB is fabricated with Rogers 4305 to achieve good frequency performance up to 

several GHz. The top layer of fabricated PCB with soldering components is shown in 

Figure 49. DUT and other components are labeled in the figure. 

 

Figure 48. Layout of designed transceiver PCB 
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Figure 49. Fabricated PCB with soldering components 

There are totally four layers of PCB used in this design, which includes 1 power plane 

and 1 ground plane as middle layers. The power plane is split into 4 parts to isolate TX 

and RX VDD nets. The 4 VDD nets include power net for TX, bias net for TX, power 

net for RX and bias net for RX. The purpose of isolating TX and RX VDD nets is to 

ease the debugging of testing and minimize the mutual influence. The isolation of 

power net and bias net is to avoid the possible strong ripple from TX output 

influencing the bias condition. The 4 VDD inputs are connected with the red colored 

banana connector shown in Figure 49. The ground nets for both the TX and RX are 

shared so that there is only one ground plane. Two black banana connectors are used 

to balance the ground voltage and reduce IR-drop due to the large current. 

The DUT is wire-bonded in the middle of the PCB as highlighted with a red square. In 

order to minimize the high-frequency signal path, i.e. RX input and TX output, a 

special shape of the PCB is used as shown in Figure 49. The PCB is cut towards the 

inside in the directions of RX input and TX output. The shorter path used for the high-

frequency signal will help minimize the parasitic resistance and mismatch of 

differential signals. 

Two types of SMA connectors are chosen in this design. The horizontal SMA 

connectors are used for LO input ports and RF output port. Since the frequency is in 
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Figure 50. PCB wire-bonding diagram, (a) suggested bonding diagram sent to vender 
company, (b) actual bonding diagram  

The primary concern of wire-bonding is the bonding wire length at RF output ports. 

The 2 ports are close to each other and the bonding wires may affect transmitter 

performance. As shown in Figure 51, the bonding wire can be modeled as series 

inductor and mutual capacitor. In order to minimize the effect of bonding wire and 




























































