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Abstract 

 
   As the overwhelming demand for the wireless mobile data traffic continues to grow 

dramatically, multiple mm-wave frequency bands have been specified and investigated for 

5G mobile networks to deliver ultra-high-speed wireless backhaul connectivity [1]. The 

24.25-29.5 GHz and 37-43.5 GHz bands are the most promising ones for 5G early 

deployments. For instance, mainland China and Japan have selected 24.75-27.5 GHz and 

27.5-29.5 GHz, respectively, for licensed use [2]. Highly integrated mm-wave transceiver 

systems have been actively studied and investigated to support multi-Gb/s data rate in 

wireless communication. This thesis also focuses on the design of a mm-wave transceiver 

for 5G communication. 

   In the first part of this work, we present a co-simulation platform to link the base-band 

digital signals and the RF front-end to evaluate the performance of circuit blocks in 

transceiver systems. M-QAM OFDM modulation scheme is implemented for BER and 

constellation check. This platform is based on the MATLAB, ADS, Cadence, and EMX, 

and it supports the mm-wave receiver IC design from system specifications to circuit 

implementations. In the second part, we propose a mm-wave direct conversion receiver 
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front-end, with a focus on developing an LNA in the 24-32 GHz to meet the gain, noise 

figure, linearity, bandwidth, and area requirements, simultaneously. A novel compact 

three-coil transformer is employed to perform single-ended to differential conversion, 

broadband input matching, gm-boosting, and noise suppression at the LNA input. The 

proposed LNA is further integrated with an IQ mixer, a VGA, and output buffers to build 

a broadband receiver front-end. In the last part, we evaluate the circuit performance in the 

co-simulation platform. The proposed receiver front-end features a 3-dB bandwidth of 7.5 

GHz, centered at 27.5 GHz. The simulated noise figure is below 5 dB. With 1 GHz signal 

bandwidth and 16-QAM modulation scheme, it achieves a 3.76 Gb/s data rate, a 3.8% 

EVM, and a BER of less than 10-6. This co-simulation platform can be further 

implemented to support varieties of transceiver IC design. Such as, power amplifiers, 

antennas, and other circuit bloc
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Chapter 1 

 

 

Introduction 

 
In this chapter, a brief introduction to the millimeter wave (mm-wave) band is given and 

its potential applications are demonstrated. The higher order quadrature amplitude 

modulation (QAM) and receiver design specifications for high data rate 5G 

communication system will be covered. 

   With the development of mobile communications, the demand for wireless data 

transmission rate is also increasing. One of the big challenges from the 1st to 5th generation 

of wireless communication systems is using limited bandwidth in the frequency range to 

support ultra-high-speed wireless communication. Multiple mm-wave bands have been 

proposed and evaluated for 5G mobile networks for early deployments, since the spectrum 

resources in the lower frequency bands is limited [3]. The frequency range of 30-300GHz 

with the corresponding wavelength of 0.1-10mm is called the mm-wave band. The 

abundant spectrum available at mm-wave frequency bands can deliver extreme data 

speeds and capacity. With hundreds of megahertz of wireless transmission bandwidth 

available at center frequencies allocates in mm-wave band, such as, 24, 28, and 38GHz, 

extremely low latency and high data rate could be reached. So, development of mm-wave 

communication systems for 5G becomes the hot topic for researchers. However, 

transmissions at mm-wave bands suffer from path loss and susceptibility to blockage. In 

addition, power constraints and high cost of base stations are also challenging parts. [4] 

Fig. 1- 1 shows the 5G frequency spectrum and the frequency bands for early deployment 

of 5G mm-wave systems. 
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(a) 

 

 

Fig. 1- 1 (a) The 5G frequency spectrum (b) Frequency bands for early deployment of 5G mm-wave 

systems [4] 

   There are many applications at mm-wave band, such as high-speed wireless 

communications, mm-wave imaging for security system, and mm-wave radar for 

automotive [5-8]. Some of the usage scenarios for 5G are shown in Fig. 1- 2. The Mobile 

Broadband (MBB) service and Internet of Things (IoT) will be the two main drivers in the 

future mobile network development. The overall vision is depicted in Fig. 1- 3.
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Fig. 1- 2 5G usage scenarios [3] 

 

Fig. 1- 3 Overall vision of 5G [9] 

 

   Today, because of the advancement of the semiconductor industry, analog circuit 

designers are benefiting from scaling and improvement of the frequency response of the 

nano-scaled CMOS transistors, which makes people more interested to design and 

implement circuits and systems at mm-wave frequencies. There are several features of 

make the mm-wave band attractive for analog system design become attractive, which is 

large bandwidth, higher propagation loss, and smaller size of passive circuits.  

For data transmission, higher order quadrature amplitude modulation (QAM) can 

provide significant benefits. With the cost of noise margin, the order of the QAM signal 
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can be increased. Therefore, a higher data rate could be achieved with higher order 

modulation scheme [10-12]. The Fig. 1- 4 shows the constellation diagram for a variety of 

modulation formats. 

 

 

Fig. 1- 4 M-QAM constellation diagrams [10] 

 

With the limited bandwidth, the higher data rate can be achieved by increasing the 

modulation order. However, the possibility of data error, which known as bit error rate, 

will also increase due to the distance between different points on the constellation 

decreases. To minimize the data error, a good signal to noise ratio per bit need to be 

considered for communication system design. So, the trade-off needs to be done between 

the maximum achievable data rate, order of QAM, power, and the acceptable bit error rate 

(BER) [13-15]. 
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Table 1- 1 Comparison of QAM formats and spectral efficiency 

 

As shown in Table 1- 1, a higher order of modulation means one symbol can carry more 

bits of information. Such as, QPSK only has 2 bits per symbol, but 64-QAM allows 6 bits 

per symbol. As the modulation order can even go higher to 256-QAM and so on, the data 

rate can be increased further. The relationship between the bit rate and the symbol rate 

depends on the order of modulation. The spectral efficiency also goes up with the 

modulation order increases. 

To meet the design requirements for 5G mm-wave wireless communication systems, 

each building block in the transceiver systems needs to be implement and evaluate 

properly. Fig. 1- 5 shows the main circuit blocks of the transceiver systems.  The typical 

circuit blocks on transmitter side are consist of the up-converting mixer, filters, and power 

amplifier (PA). And the receiver front-end mainly consists of the low noise amplifier 

(LNA), and down-converting mixer. Another important circuit block for transceiver 

system is the local oscillator (LO) signal generation part, such as phase locked loop (PLL) 

and quadrature voltage-controlled oscillator (QVCO) [16-22]. For different application 

scenarios, other circuit blocks can be added to form a transceiver front-end which meet 

the system specifications [23-25]. 
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Fig. 1- 5 The circuit blocks of the typical transceiver system 

 

   Since mm-wave transceiver has inherently two signal channels, namely the in-phase (I) 

and quadrature-phase (Q) using the cosine and sine wave of the carrier, it becomes natural 

to directly modulate the PAM4 signal on the I and Q carriers which results a 16 -QAM 

mm-wave signal. Other order of modulated signals, such as 64-QAM and 256-QAM can 

be implemented in the same way.
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  Fig. 1- 6 shows a typical mm-wave transceiver front-end architecture. A 65-nm CMOS 

mm-wave 16-QAM transmitter, which could support a 16 Gb/s peak data rate for mm-

wave 5G applications is demonstrated recently [26]. And this thesis mainly focuses on the 

receiver design. The input stage contains a low-noise amplifier (LNA) to provide a 

sufficient signal gain and noise suppression. The subsequent variable-gain amplifier 

(VGA) stage is coupled with the LNA output through an inter-stage transformer. The VGA 

amplifies the received signal and trades off the system overall gain and linearity. The last 

stage is a quadrature mixer with a folded architecture for current reuse and power saving. 

The mixer down-converts and separates the amplified signal into I and Q channels Low -

pass filters (LPFs) are placed at the mixer outputs to remove high-frequency noise. All 
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RF
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PLL
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Fig. 1- 6 System diagram of the transceiver front-end with 16-

QAM signal 
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passive and active components go through several layout and simulation iterations to meet 

the design target. 

The rest of this thesis is organized as follow. In Chapter 2, the mixed-signal co-

simulation platform design details is given and system-level design specifications for 

transceiver systems are discussed. Chapter 3 focuses on the actual receiver circuit 

implementation. Chapter 4 discusses the electromagnetic simulations and layout 

considerations for receiver integrated circuit (IC) design. The performance evaluation for 

receiver front-end using the co-simulation platform are demonstrated in Chapter 5. 

Chapter 6 makes a conclusion and summarizes the prospective of this thesis.
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Chapter 2 

 

 

Co-Simulation Platform 

 

This chapter describes the design details for the mixed-mode co-simulation platform for mm-wave 

OFDM receiver IC. The chapter starts with the design motivation and continues with explanation of 

each part of the co-simulation platform. A brief introduction of OFDM is also included. 

 

2.1 Motivation 
 

As the overwhelming demand for the wireless mobile data traffic grows dramatically. Highly 

integrated transceiver systems have been actively studied and investigated to support multi-Gb/s data 

rate in future wireless communication. A transceiver system consists of many circuit blocks such as 

base band amplifiers, filters, mixers, power amplifiers (PAs) and low noise amplifiers (LNAs). 

Normally, it is not straightforward to simulate high performance circuit blocks together to obtain 

transceivers with the desired performance. It is important to make sure each sub-circuit of the 

transceiver cooperate well with others before fabrication. Furthermore, wideband modulated signals are 

always utilized in communication systems for improving the data rate and spectrum efficiency [27]. 

Thus, it is very meaningful and necessary to evaluate and predict the performances of transceiver 

systems using high-order modulated signals in the design procedure. Considering the above 

background, system co-simulation can be quite helpful to evaluate the performance of transceivers using 

high-order modulated signals [28], [29]. In [29], a hardware-software co-simulation platform was 

implemented for channel estimation in orthogonal frequency division multiplex (OFDM) systems. This 
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co-simulation platform shows great potential in speeding up the system verification process. But to date, 

few papers show a co-simulation platform for evaluating the transceivers of wireless communication 

systems. 

   In [30], the authors presented a co-simulation interface between MATLAB/Simulink and 

Xepedion/Goldengate circuit simulator. Based on this co-simulation interface, a 16-QAM (quadrature 

amplitude modulation) signal with a speed of 5 Mb/s was utilized to simulate a satellite communication 

chain [30]. However, this co-simulation interface did not show a signal demodulation process. In [31], 

a co-simulation platform between the MATLAB and VHDL-AMS environments was developed for the 

design and analysis of IR-UWB transceivers. However, the co-simulation platform in [31] did not show 

the signal modulation and demodulation function, and the transceiver is based on VHDL-AMS language 

rather than real circuit blocks. 

   MATLAB has been validated as a powerful candidate for signal modulation and demodulation, and 

the most powerful RF and mm-wave circuit design and simulation software are Advanced Design 

System (ADS) and Cadence. Therefore, constructing a co-simulation platform using MATLAB, ADS 

and Cadence will help users to easily evaluate the performances of transceivers in the design process 

   Considering the above background, we built a mixed-mode co-simulation platform for 

mm-wave receiver IC design which can be used from system specification to circuit 

implementation.  

   The co-simulation platform including signal modulation/demodulation and circuit 

simulation is developed for evaluating the performances of receiver. This co-simulation 

platform is implemented using MATLAB, ADS and Cadence software. For easily using 

this co-simulation plat- form, a graphical user interface (GUI) is also constructed using 

MATLAB. Users can validate the system performance conveniently by integrating sub -

block circuit into the transceiver system. Fig. 2- 1shows the diagram of the mixed-mode 

co-simulation platform. 
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Fig. 2- 1 The diagram of the mixed-mode co-simulation platform 

 

Based on this co-simulation platform, the co-simulation flow is as follows: 

Step 1. An M-QAM OFDM signal is generated by MATLAB codes. Then the real and 

imaginary parts of the modulated signal are automatically saved into two .tim files. These 

.tim files will be dynamically imported by ADS, as shown in Fig. 2-1. 

Step 2. After reading the .tim files, data flow (DF) controller in ADS is utilized to realize 

data conversion, generating timed I and Q path signals.  

Step 3. The timed I and Q path signals are delivered to the transceiver system for  

simulating the transmitter and receiver.  

Step 4. The output I and Q path signals of the receiver is automatically saved as two .tim 

files. 

Step 5. The .tim files generated in Step 4 are dynamically delivered back to Matlab for 

demodulation and further processing. 

Notice that the simulation of the transceiver system in Step 3 should use the ENVELO PE 

controller in ADS. Therefore, the DF and ENVELOPE controllers should be utilized 

simultaneously when performing co-simulation in ADS.  
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2.2 OFDM Modem in MATLAB 
 

The orthogonal frequency-division multiplexing (OFDM) is used to encode digital data 

on multiple carrier frequencies. And It usually applicable to mobile communications and 

audio broadcasting [32]. In OFDM, data are parallel carried by multiple orthogonal 

subcarriers with specified spacing. To compared with single-carrier scheme, OFDM 

features a good ability to overcome severe channel conditions, such as, frequency-

selective fading due to multi-path, or interference caused by narrowband. It can also 

provide better spectral efficiency as compared with double sideband modulation schemes. 

However, it requires transmitter has good linearity to overcome high peak-to-average-

power-ratio (PAPR). And another drawback is due to the cyclic prefix, which can be used 

for synchronization, it degrades the efficiency [33]. Fig. 2- 2 shows the 16-QAM OFDM 

signal modulation and demodulation process. 

 

  

 

Fig. 2- 2 OFDM with 16-QAM: (a) Modulation (b) Demodulation 

 

   The co-simulation platform is based on MATLAB, and ADS and Cadence simulators. 
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The following shows the details of the co-simulation and the simulation results.  

   For signal modulation and demodulation, an M-QAM OFDM signal is adopted to 

perform the co-simulation because OFDM signal is widely applied in modern 

communication systems [34-35]. The modulation diagram of the M-QAM OFDM signal 

is depicted in Fig. 2-3. The modulation can be concluded as: 

1)  A pseudo random binary sequence (PRBS) is generated and converted to N parallel 

bit sequences, where N is the number of sub-carriers in OFDM signal. Then the 

paralleled bit sequence is mapped to M-QAM symbols.  

2)  N-point inverse fast Fourier transform (IFFT) algorithm is performed to the M-QAM 

symbols, generating the sub-carriers of OFDM signal. 

3)  Cyclic prefix (CP) and pilot symbols are added to each OFDM frame to avoid inter 

symbol interference and inter carrier interference.  

3)  Finally, the QAM-OFDM signal can be generated by combining all sub-carriers 

through a serial to parallel conversion.  

   The inverse process of the modulation is the demodulation, which is depicted in Fig. 2- 

3. Notice that synchronization should be performed before demodulating the M -QAM 

OFDM signal. Besides, the frequency separation can be calculated by the signal bandwidth 

divided by the number of subcarriers. This value is specified for different application 

scenarios. 

  

Fig. 2- 3 The diagram of signal modulation and demodulation 
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2.3 MATLAB GUI 

 
For accelerating the co-simulation, a GUI is implemented, as illustrated in Fig. 2-4. This 

GUI includes two main parts: signal modulation and signal demodulation.  

In the co-simulation, the modulation process will be triggered by clicking the Signal 

Modulation icon on the GUI. As shown in Fig. 2, the bandwidth and PAPR of the 

transmitted baseband signal will be displayed on the GUI after clicking the Signal 

Modulation icon. The baseband spectrum and constellation of the M-QAM OFDM signal 

will also be displayed on the GUI. The frequency separation in this example is 97.6 KHz. 

For different application scenarios, this value can be adjusted accordingly by changing the 

signal bandwidth and the number of subcarriers.  Sampling rate is 1 Gs/s. And the time 

duration of OFDM symbol is 28us.  

   The demodulation process comes into operation after clicking the Signal Demodulation 

icon. Other than the spectrum and constellation, the calculated bit error rate (BER), error 

vector magnitude (EVM) and data rate of the received baseband signal will be shown on 

the GUI after demodulation.  

 

 
 

Fig. 2- 4 The graphical user interface of the co-simulation platform 
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2.4 Circuit Simulation in ADS and Cadence 

 

After clicking the Signal Modulation icon on the GUI, an M-QAM OFDM signal will 

be generated and saved as a .tim file. Then, the simulation of the transceiver system in 

ADS can be started. The top view of the simulation schematic in ADS is illustrated in Fig. 

2- 4. 

The .tim files generated by MATLAB are read by the data access component (DAC) in 

ADS. The interface of MATLAB and ADS is based on discrete data points; therefore, the 

received data (I and Q path inputs) should be converted to a timed signal before delivery 

to the transceiver system. Similarly, the output signal of the transceiver should be 

converted to discrete data points (I and Q path outputs) again before being sent back to 

MATLAB. In ADS, the data conversion can be realized using a DF controller and 

corresponding components, as shown in Fig. 2- 5. 

The system diagram of transceiver in Fig. 2- 5 are depicted in Fig. 2- 6. Both the 

transmitter and the receiver are based on the direct-conversion architecture. The local 

oscillators (LOs) are realized using voltage source blocks in ADS, and the I and Q path 

are combined or divided by Wilkinson power splitters. In the transceiver system, all the 

circuit blocks are ideal blocks in ADS. Besides, the parameters of these circuit blocks are 

set based on published references. 

 
 

Fig. 2- 5 The top view of the co-simulation schematic in ADS 
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Though ADS provide users with a friendly circuit design and simulation environment, 

the most popular simulator for integrated circuits is Cadence software. Thus, a dynamic 

link between ADS and Cadence simulators is very important for integrated circuit design 

such as CMOS PA and LNA design. The dynamic link between the ADS and Cadence 

simulators is schematically illustrated in Fig. 2-7. The circuit blocks designed in Cadence 

simulator can be dynamically linked to ADS for simulation, as shown in Fig. 2- 7. 

After finishing the simulation in ADS, two .tim files will be generated automatically. 

These .tim files include the discrete data points of the output of the transceiver system. 

Then the demodulation process can be started by clicking the Signal Demodulation icon 

on the GUI. 

 

 

 

 

Fig. 2- 6 System diagram of transceiver with OFDM  
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Fig. 2- 7 Dynamic link between ADS and Cadence 

 

2.5 Co-simulation Process 

 

 2.5.1 Link budget and propagation path loss 

 
The range of a wireless link depends on how much power the transmitter can output 

and the receiver sensitivity. Friis transmission formula for path loss in free space is 

shown below [36]. 

 

where: 

PR = The power received by receive antenna 

PT = The power delivered to the transmit antenna 

GAT = The gain of the transmit antenna 

GAR = The gain of the receive antenna 

d = The distance between two antennas  
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Fig. 2- 8 Wireless link 

 

The link budget accounts all the power gains and losses that a signal experience in a 

communication system as shown in Fig. 2- 8. The equation is shown below: 

PRX=PTX+GTX-LTX_LFS-LM+GRX-LRX  

where: 

PRX = received power (dBm) 

PTX = transmitter output power (dBm) 

GTX = transmitter antenna gain (dBi) 

LTX = transmitter losses (coax, connectors...) (dB) 

LFS = path loss, usually free space loss (dB) 

LM = miscellaneous losses (fading margin, body loss, polarization mismatch, other 

losses...) (dB) 

GRX = receiver antenna gain (dBi) 

LRX= receiver losses (coax, connectors...) (dB) 

The diagram of the link budget is shown in Fig. 2- 9. 

https://en.wikipedia.org/wiki/Antenna_gain
https://en.wikipedia.org/wiki/Path_loss
https://en.wikipedia.org/wiki/Free_space_loss
https://en.wikipedia.org/wiki/Fading
https://en.wikipedia.org/wiki/Antenna_gain
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Fig. 2- 9 Diagram of link budget [28] 

 

 2.5.2 Simulation results on GUI 

 
Based on ideal transceiver circuit blocks. The simulation results can be seen easily on the 

MATLAB GUI. An example is shown in Fig. 2- 10. For the transmitted baseband signal. 

We set the number of subcarriers as 1024. The modulation order is 4. Then, 16-QAM 

signal will be generated. Besides, the frame number is 40. Sampling rate is 1GHz with up 

sampling rate equals to 4. The total sampling point number in this example is 173200. 

Then this modulated signal passes through the ideal transceiver circuit blocks in ADS and 

the output baseband signal can be demodulation in MATLAB. The signal characteristics 

of the demodulation signal is shown on the right-hand side of this GUI. We can choose 

different subcarrier index to see the corresponding signal characteristics. The BER is 10 -4 

and the package error rate (PER) is 0.025. EVM can also be calculate as 11.47%. Data 

rate is approximate to 4 Gb/s as desired. 
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Fig. 2- 10 The GUI of the co-simulation platform 

 

2.6 Conclusion 

 
   This chapter shows a mixed-mode co-simulation platform to realize a mm-wave 

receiver IC design from system specification to circuit implementation. To validate the 

transceiver performance, we built an OFDM modem in MATLAB for the bit error rate 

(BER) and constellation check. A graphical user interface (GUI) was constructed in 

MATLAB to in/out simulated files between MATLAB and ADS/Cadence dynamically. 

The platform links the baseband digital signals and the RF front-end. A GUI was 

constructed in MATLAB to model the baseband signals. For further implementation, A 

broadband receiver at 28 GHz for a high data rate 5G communication system can be 

implemented to replace the ideal circuit blocks. Then the performance of the receiver 

front-end can be tested with the OFDM signal.  Besides, since the circuit part used in this 

transceiver simulation platform includes common transceiver circuit blocks, so this 

platform can support varies circuit blocks design. Users can easily replace some of the 
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behavior circuit blocks with actual designed circuit to verify the system level 

performance with baseband signal modem. 
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Chapter 3 

 

 

Direct-Conversion Receiver Front-End 

Design 

 

 
This chapter describes the circuit implementation of mm-wave receiver front-end. 

The chapter starts with the design motivation and continues with proposed low noise 

amplifier. Studies and implementations of the mixer, variable gain amplifier, and output 

buffer are also illustrated.  

 

3.1 Motivations 

 
Recently, there are several mm-wave M-QAM transmitter demonstrate for high data rate 

wireless communication [37-40]. The design of broadband receiver at lower mm-wave 

band to support such high-speed communication is the main focus in this chapter. Low 

noise amplifier (LNA) is the first stage in RF receivers and it plays a very import role. So, 

the proposed receiver front-end design focuses on developing a low-power CMOS LNA 

in 24-32 GHz band for 5G high-speed communication.  

 

3.2 Capacitive cross-coupling technique 

 
   The SNR of is received signal is degraded because of the thermal noise of the RX. The 

higher the noise figure (NF), the lower the SNR. Using an LNA helps to suppress the noise 

contribution of the RX building blocks with fewer overheads [41-43]. 
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   All active electronic components and some passive devices have flicker noise. It is 

associated with a DC current flow. In CMOS technology, flicker noise is a concern of the 

transceiver system due to its higher flicker noise corner frequency. To omit this issue, 

there should be enough gain before the baseband circuits, so the baseband circuits should 

be designed for low flicker noise.  

   The capacitive cross-coupling (CCC) as shown in Fig. 3- 1 can be used to enhance the 

gain and it can also be a part of the matching network [45]. In [44], it demonstrates the 

CCC can improve the NF of a common-gate input stage. Fig. 3-1 shows that the noise 

caused by cross-coupling for M1 and M2, namely Vn1
2 and Vn2

2. Then, the common-mode 

noise voltage at the output node is d1 and d2. If we assume the instantaneous polarity for 

noise source Vn1
2is positive and the other side is negative. Then the drain voltage of M1 

decreases when gate terminal has positive disturbance.  Besides, the drain voltage of M2 

also decreases because S2 has negative disturbance. So common-mode voltages at d1 and 

d2 are generated because of Vn1
2. Noise source Vn2

2 can be analyzed in a similar way. 

 

 

 

Fig. 3- 1 Capacitive cross coupling technique [44] 

 

3.3 Proposed LNA 

 
   Common-source, common-gate, and cascode are three popular LNA topologies. Table 3- 
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1 summarizes a brief comparison with selected LNA design parameters. 

 

Table 3- 1 Comparison of three LNA topologies  

 

 
(a) 

 
(b) 

Fig. 3- 2 . (a) Schematic of a cascode LNA with classical noise matching technique  

(b)Small-signal equivalent circuit [46] 

 

The classical noise matching (CNM) technique is reported in [46]. This technique is 

focusing on minimizing the NF by optimizing noise impedance to the given amplifiers. 

One way to realize this is to add a input matching circuit. Fig. 3- 3(a) shows a cascode-

type LNA topology, it features wide bandwidth, high gain, and high reverse isolation. 
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Fig. 3- 3 (b) shows the noise analysis with simplified small-signal equivalent circuit of the 

cascode amplifier.  

 

(a) 

 

(b) 

 

Fig. 3- 3 (a) Schematic of a cascode LNA with simultaneous noise and input matching 

(b)Small-signal equivalent circuit [46] 

 

In Fig. 3- 3, ind
2 represents the mean squared channel thermal noise current, which can 

be calculated by the equation below [46]: 

 

where: 

gd0 = drain-source conductance (VDS = 0) 
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k = Boltzmann constant 

T = absolute temperature 

Δf = bandwidth 

Γ = 1 (VDS = 0) 

Γ = 2/3 (saturation mode) 

   The channel noise causes fluctuating channel potential. And the fluctuating channel 

potential couples capacitively into the gate terminal. It leads to a noisy gate current. 

   As design considerations discussed above, the proposed LNA adopts the CG structure. 

Since a broadband input impedance matching can be easily realized in CG structure.  It can 

be achieved by making 𝑔𝑚𝑅𝑠 = 1, where gm is the transconductance of the transistor and 

RS is the source resistance. Then gm-boosted is wildly used in LNA design because it can 

provide a relatively large voltage gain of (1 + A)𝑔𝑚 , where A is the inverting gain, at 

small current consumption. The diagram is shown in Fig. 3- 4 (a). In this condition,  

(1 + A)𝑔𝑚 = 1 is considered for input matching. The dominant noise in CG LNA is the 

noise from the drain current and the source resistance. So, the noise performance of LNA 

can be improved by reducing the drain current. The proposed gm-boosted CG LNA is 

shown in Fig. 3- 4 (b). As to obtain a better linearity, it is a differential structure to 

accommodate larger signal. It consists of two main parts. A CG input stage and a source 

follower output buffer. The CG input stage has transistor M1 and M2. Besides, M3 and M4 

are a pair of cascode transistors, which helps to improve the reverse isolation. A three-coil 

input transformer (L1, L2 and L3 is used as the input matching stage for the LNA. L4 and 

L5 forms the inter-stage matching network between CG stage and output buffer.   

   To realize the gm-boosting in differential structure, a passive implementation way is 

capacitive cross-coupling (CXC) technique. It can improve the linearity by reducing the 

noise of input transistors. But the inverting gain A in this case can only be smaller than 

1. Because it has a capacitor divider effect between the cross-coupled capacitors and the 

CGS of the input transistors. Considering the conditions above, this work propose a three-
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coil transformer together with the XC to enhance the gm-boosting and the noise 

suppression. This three-coil transformer also realizes a single-ended to differential 

conversion and a broadband input impedance matching at the same time.  

 

 
 

Fig. 3- 4 Circuit schematics: (a) gm-boosted CG LNA, and (b) proposed LNA 

 
Fig. 3- 5 shows the layout of the proposed three-coil transformer. The detailed 

consideration for layout and electromagnetic simulation steps will be discussed in the next 

chapter.  
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(b) 

Fig. 3- 5 (a) The 3-D view of the three-coil transformer (b) layout of proposed LNA 

 

To ease the matching condition of the LNA’s output, a source follower is used as the 

output stage to connect the 50Ω  load. It can achieve a broadband output impedance 

matching because the output resistance of the source follower is approximately 1/(𝑔𝑚 +

𝑔𝑚𝑏), where gmb is body effect. By tuning the biasing current, the impedance matching 

condition can be improved. One disadvantage of source follower is that it degrades the 

LNA’s linearity. Then the signal may suffer distortion problem. One way to compensate 

this issue is to increase the biasing current, but the power consumption increases also. 

However, the first CG Stage with good linearity can provide some tolerance for linearity 

degradation caused by output stage. For a stand-alone LNA, the source follower is 

meaningful as the output stage. When the LNA integrated with VGAs and mixers to form 

a receiver front-end, then the source follower is no longer a necessary circuit block. So, 

the LNA itself can remain a good linearity for further integration, which means it is 

suitable to support a higher order modulation scheme, e.g., 16-QAM. 
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L4 and L5 forms an inter stage transformer, it can improve the bandwidth of the LNA by 

acting as a multi-peak resonator [47]. Besides, this transformer also converts the 

differential output signal to single-ended signal which can be used to drive the source 

follower. When the transformer acts as a multi peak resonator, the positions and amplitude 

of two gain peaks can be adjusted by changing the parameters related to the transformer. 

Such as, inductances and quality factors of L4 and L5, coupling factor of transformer. To 

achieve our design target, the first peak and the second peak designed to be around 25 

GHz and 31 GHz, respectively. It features an 8.9 GHz 3-dB bandwidth. The bandwidth 

can be further increased by sacrificing the in-band gain ripple. So, the trade-off between 

flatter gain and larger bandwidth can be done by adjusting the parameters related to the 

transformer as discussed before.  

   With 65-nm CMOS technology, the simulated results of the proposed LNA is shown 

in Fig. 3- 6. The peak gain is 15 dB with 8.9 GHz 3-dB bandwidth centered at 27.8 GHz as 

shown in Fig. 3- 6 (a). Fig. 3- 6 (b), (c), (d) show the matching condition, the linearity, noise 

figure, and the reverse isolation accordingly. Both the input and the output achieve good 

matching condition with S11 and S22 below -10 dB withing desired bandwidth. With two-

tone 10 MHz separation simulation, the IIP3 is -1.7 dBm. Without the output buffer, LNA 

itself features 1dBm IIP3. Then the NF is below 4 dB within the 3-dB bandwidth. The 

reverse isolation is simulated as S12, and it is lower than -53 dB. S12 is very good due to 

the two cascode transistors, which help to improve the reverse isolation.  
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Fig. 3- 6 Simulated results of the proposed LNA: (a) gain, (b) matching condition, (c) 

IIP3, (d) noise figure, and (e) reverse isolation. 

 

3.4 Mixer 

 

 3.4.1 Functionality 

 
Mixers is another essential building block in transceiver system. The main function of 
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it is to shift the frequency spectrum of the input signal. Fig. 3- 7 shows a circuit symbol 

for a mixer with three ports. 

  

Fig. 3- 7 Mixer circuit symbol 

 

3.4.2 Passive mixer and active mixer 
 

The design of mixers usually considers the conversion gain, local oscillator (LO) power, 

linearity, noise figure, port-to-port isolation, voltage supply, and current consumption [48-

50]. With desired conversion gain, the LO power required for active mixers is smaller than 

passive mixers. However, the linearity of passive mixer is good because the transistors are 

either “on” or” off”. To avoid SNR degradation, the linearity needs to be good. Moreover, 

the double balanced mixers achieve good port-to-port isolation making the double 

balanced structure to be suitable for integrated circuit design [51].  

 

3.4.3 Gilbert cell 
 

Gilbert cell mixer is a popular choice in integrated circuit design. The main body 

consists of a stack of three transistors, and a load resistor [52-53]. It uses a differential 

pair to achieve the trans-conductor implementation. Fig. 3- 8 shows the schematic of a 

typical Gilbert cell.  
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Fig. 3- 8 Schematic of a double-balanced mixer 

 

   To have a balanced signal. The DC component of RF and LO signals need to be zero. 

The unbalanced RF input causes LO feedthrough and unbalanced LO signal causes RF 

feedthrough. Transistors require a DC bias. Then balanced LO signal can be achieved by 

DC biasing. Fig. 3- 9 shows the combining of 180 degree out of phase LO signals in two 

mixer paths [51]. 

 

Fig. 3- 9 Signal flow of the double-balanced mixer [51] 
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   To suppress the DC offset and thermal noise, the bias current for the switches should be 

minimized. The value of VGS for the LO switches should be close to Vt. It helps to make 

the LO amplitude within a reasonable range for current commutation. Another good point 

of using smaller bias current is that the load resistance can be large. Then the CG can be 

increased without sacrificing large IR drop from the limited voltage headroom. The RF 

chokes present a high impedance for desired bandwidth [52]. 

   It is very important to consider the DC offset problem in mixer design. In direct 

conversion receiver, the receiver becomes saturation if the DC offset is too much. Besides, 

device mismatch causes static DC offset. In fully balanced structures, mismatch is the 

main contributor to the DC offset.  

 

Fig. 3- 10 Behaviors of ideal double-balanced mixer [51] 

 

 

Fig. 3- 11 Achieving balanced RF signal with Biasing [51] 
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   To optimize the mixer performance, the biasing condition for the input stage needs to be 

well designed. And there are three contributors to mixer noise:  

• Switching pairs 

• Load resistance 

• Transconductance stage 

   Noise contributors: loads (1/f noise), transconductance transistors (1/f noise and white 

noise), switch noise. The SNR due to the switch noise is shown below:  

 

   The SNR can be improved by increasing LO swing, trading off with frequency, reducing 

over-ride voltage, adjusting transistor size. 

 

3.5 Variable gain amplifier  

 
   The variable gain amplifier (VGA) is employed to maximize the overall system dynamic 

range. For design specifications, we prefer stable gain for wide bandwidth, low noise, low 

distortion, and low power. There are several techniques for VGA design, multi pliers, 

transconductance ratio amplifiers, and source degeneration.  In this mm-wave receiver 

front end design, we used a simple multiplier-based VGA. Gain can be linearly controlled 

by Vcont. 
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Fig. 3- 12 schematic of multiplier-based VGA [54] 

 

   Below are the equations for analysis the behavior of the VGA shown in Fig. 3- 12. 

 

 

 

 

 

   From the equation above, we can see the gain can be linearly controlled by V cont. And 

the circuit only operate with positive by V cont. 

 

3.6 Simulated results of the receiver front-end 

 
   The LNA discussed in 3.1 is adopted as the first stage and followed by a conventional 

double-balanced Gilbert cell. The LO signal is generated ideally in ADS, and it can be 

further implemented with a quadrature voltage-controlled oscillator (QVCO) and phase-
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locked loop (PLL) to meet the communication system specifications. A typical bias -T 

circuit is implemented as the output buffer to ease the matching for the output port. Fig. 3- 

13 shows the schematic of the proposed receiver front-end. 

 

Fig. 3- 13 Circuit schematics of proposed receiver front-end 

 

   The proposed receiver front-end implements 40-nm CMOS with 0.9V VDD for 

simulation. All the circuit simulation part is designed and simulated in ADS and Cadence. 

Fig. 3- 14 shows a schematic of the output buffer in cadence view. And it can be linked to 

ADS as a symbol for system level simulation.  

 

Fig. 3- 14 schematic of the output buffer in Cadence view.  
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   The electromagnetic simulation for receiver front-end is done by EMX. And the detailed 

simulation considerations for layout will be discussed in the next chapter. Fig. 3- 15 shows 

the floorplan of the proposed receiver front-end. The layout is highly symmetric with the 

input signal flows in from the most left-hand side and the output signal flow to the right. 

 

 

Fig. 3- 15 Floorplan of proposed receiver front-end 
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Fig. 3- 16 Simulated results of the proposed receiver front-end: (a) Gain, (b) Input 

matching condition, (c) IIP3, and (d) noise figure  

 

Fig. 3- 16 shows the simulated results for the proposed receiver front-end. The receiver 

front-end has a peak gain 35 dB at 29 GHz with 3dB bandwidth from 23 GHz to 30.5 

GHz. Within the 7.5 GHz RF bandwidth, the input return loss, which shown in Fig. 3-16 

(b) remains below -10 dBm. A good input matching is achieved successfully within the 

desired bandwidth. Noise figure is shown in Fig. 3-16 (d). The minimum noise figure is 

3.4dB at 24GHz, and the value remains to be lower than 5dB within the 3dB bandwidth.  

Besides, A two-tone simulation with a 10MHz separation at 27 GHz is performed to check 

the linearity. According the simulation as shown Fig. 3- 16 (c), IIP3 is -17dBm. The mainly 

degradation of linearity is caused by the mixer part. The linearity of the LNA is shown in 

Fig. 3- 17 with the output loading considered as the input of the VGA. One way to improve 

the overall linearity is to decrease the gain or increase the power consumption of the output 

buffer. Mixers with linearity improvement technique can also be considered for the future 

work.  
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Fig. 3- 17 Simulated results for the IIP3 of the LNA 

 

   To evaluate the receiver front-end performance, 16-QAM and 64 QAM signal are 

implemented to see check the constellation, eye-diagram, and EVM. Fig. 3- 18 shows the 

constellation and eye-diagram with 16-QAM input signal. The RF input power is -50dBm. 

Then, the EVM for the output constellation is 4.7 %. 

 

 

 

(a) (b) 
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Fig. 3- 18 Simulated results of (a) constellation for the input 16-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram 

 

   Fig. 3- 19 shows the constellation and eye-diagram with 64-QAM input signal. The RF 

input power is -40dBm. Then, the EVM for the output constellation is 2.7 %. And the eye-

diagram for I-path and Q-path is shown in (c) and (d) respectively. 

 

 

 

 

(d) (c) 

(a) (b) 
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Fig. 3- 19 Simulated results of (a) constellation for the input 64-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram 

 

3.7 Conclusion 

 
   This chapter describes the analysis of the circuit implementation of mm-wave receiver 

front-end. The performance and design considerations of the LNA, mixer, and VGA has 

been discussed in previous sections. The gain, matching condition, linearity, and noise 

figure are simulated to check the receiver performance. Besides,16-QAM and 64-QAM 

signals are implemented to check the eye-diagram and constellation.  
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Chapter 4  

 

 

EM Simulations 

 

 
This chapter describes the steps and considerations for electromagnetic simulation with 

EMX.  

    The chapter starts with the design details of the triple coupling input transformer and 

continues with the explanation of steps to build the equivalent circuit model. Layout 

considerations for receiver front-end are also included. 

   EMX is an accurate and efficient 3D full-wave Electromagnetic simulator developed by 

Integrand Software [55]. It can used to simulate the high-frequency, RF, and mixed-signal 

IC. EMX integral equation solver uses a very accurate representation of Maxwell's 

equations. It features: 

• 3D conductors and vias 

• true volumetric currents to accurately account for skin effect  

• accurate sidewall capacitances 

• layered and lossy substrate effects 

• substrate and inter-component coupling. 

 

4.1 Inductor simulation 

 
   The naming of the ports for the custom device needs to match the naming and 

the order of the ports for the EMX models. The port names and order of EMX 

custom devices can be found in ―EMX models in the symbol view. For this 
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example, we can use a center-tapped inductor with four ports PLUS, MINUS, TAP 

and GND and the pin layers need to be marked accordingly.  Pins have an 

orientation which can describe the current flow and these need to be set 

appropriately as shown in Fig. 4- 1. 

 

 
 

Fig. 4- 1 Simulated results of (a) constellation for the input 64-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram 

 

   Then we need to add pins for 4 ports of this inductor for EM simulation. Such as, PLUS, 

MINUS, TAP, and GND. The pins need to be created on the metal layer where they are 

located. Fig. 4- 2 shows the settings as below: 
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Fig. 4- 2 Settings for pins of the inductor 

 

The pins need to be located near the edge of the layout as shown in Fig. 4- 3. 

 

 

 

Fig. 4- 3 Location of the pins 

 

   Then we can run EMX and create models and generate a symbol and schematic 
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view for Spice level simulation. Choose Layout – EMX – Simulate. This will pop 

up the EMX GUI interface in Fig. Choose the TSMC process file. Fill in the signal 

fields “PLUS MINUS TAP” to identify the signal ports. Fill in the ground field 

“GND” to identify the ground port. For model type choose, we can use “N=port” 

or “Center-tapped-inductor (common-mode)”. The setting details are shown in Fig. 

4- 4. Besides, other settings can be applicable for different design targets. The 

format of the output file can be changed, such as “Touchstone” or “Spectre” for 

compatibility consideration. 

 
 

Fig. 4- 4 EMX GUI settings for inductor 

 

   EMX uses TSMC’s iRCX technology file for simulation. The technology file is 
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converted to the EMX.proc format by a parser. This parser is provided by Integrand 

and is provided on request by the user.  The technology file can be viewed using 

EMX. EMX can also be used for half node simulation by using scaling factor in the 

EMX option of the advanced menu. Then we can see the GDSVIEW to check the 

layout and pin labels for simulation. Fig. 4- 5 shows an example of the GDSVIEW 

of a inductor.  

 

 

 

Fig. 4- 5 GDSVIEW of the simulated inductor 

 

   After the simulation is run the model is generated. Then the symbol and 

schematic view are also generated. The model playback should agree well with 

the EMX simulation. Fig. 4- 6 shows the inductance “L” and quality factor “Q” 

comparison between inductor simulation results and the SpiceModel datasheet. 
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Fig. 4- 6 Comparison between inductor simulated results and Spice Model  

 

4.2 Three coil input transformer and equivalent circuit model 

 
   With the design experience above. Fig. 4- 7 shows the layout of the proposed three-coil 

transformer. The Q-factor of inductors are preferred to be higher, so the parasitic series 

resistance needs to be smaller. Then the top thick metal layers (M10, M9) are primarily 

chosen for inductor main body, and the lower metal layers (M8, M7) are only employed 

for the crossovers. The size of the three-coil transformer is comparable to a conventional 

two-coil transformer, because three inductors overlapped with each other. The gain 

enhancement factor “A” can be controlled by adjusting the ratio of turns between L3 and 

L1. Besides, the magnetic coupling between L2 and L3 should be anti-phase to provide an 

inverting gain for gm-boosting. L1 and L2 have smaller inductance compared with L3. So 

only one turn coil is used for L1 and L2. A two-turn coil is implemented for L3. Fig. 4- 7 (b) 

shows the simplified equivalent differential circuit model of the three -coil transformer. 

The initial values of the parasitic components can be obtained by the model fitting function 

in the EMX software. And the values are listed in Fig. 4- 8 (a). One of the reasons for 

finding the equivalent model is to save the iteration time. The values for the parasitic 

components can be assumed to be unchanged when tuning the inductance value. Then, if 
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the inductance needs to be changed at the design stage, it saves the time to redo the layout 

and redo the EM simulation. The parameters can be easily controlled in the equivalent 

model. When the inductance is confirmed, then the layout and EM simulation can be done 

as the last step. Another reason is for the time-domain simulation. EM simulation provides 

S-parameter results, and it is not applicable to time-domain simulation. Equivalent models 

are stable and passive, so it can ensure that the noise behavior is correct. To find the 

component values inside the equivalent model, Z-parameters are used to do the 

comparison. As shown in Fig. 4- 8 (b), (c), and (d), Z-parameters of the layout and the 

equivalent model are well matched. The simulated inductances and coupling factors are 

shown in Fig. 4- 9. At 28 GHz, the inductances, which include self-inductance and mutual 

inductance, of L1, L2 and L3 is 558 pH, 395 pH and 1.39 nH, respectively. The coupling 

factors, K12, K13 and K23 is 0.76, 0.75 and 0.82, respectively. The size of the three-coil 

transformer is 182 × 141 um2. 

 

 

 
 

Fig. 4- 7 Three-coil transformer: (a) 3-D view (b) simplified equivalent differential 

circuit model 
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Fig. 4- 8 Equivalent differential circuit model: (a) values of components (b) 

comparison of Z11 (c) comparison of Z22 (d) comparison of Z33 
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Fig. 4- 9 Simulated results of the tree-coil transformer: (a) inductance, and (b) coupling 

factor between each of the two coils  

 



  50  

 

 

4.3 Receiver front-end layout considerations 

 
   Based on the design experience in LNA. The most size consuming parts for the mm -

wave receiver IC are the transformers. So, the optimization needs to be done by adjusting 

the coupling factor between two inductors and the Q factor of each inductor itself. For 

high frequency inductor design, the tradeoff between the size and self -resonance 

frequency also needs to be considered. When the layout of the turns for the inductor 

increases, the size of the inductor itself decreases. However, it leads the self-resonance 

frequency becomes lower. So, before integrating two inductors to form a transformer. 

Each of them is preferred to be design with a higher self-resonance frequency. Because 

when two inductors combine to form a transformer, the magnetic coupling between these 

two inductors will change the characteristic for both. Usually, the self-resonance 

frequency will decrease further. And the inductance will increase due to the coupling. One 

way to solve this tricky problem is to skew the center of two inductors. The layout of the 

main parts in the receiver front-end is shown in Fig. 4- 10. The two inductors which forms 

the transformer between the LNA, and VGA has different center point. Then the coupling 

factor can be reduced, and the bandwidth of the receiver font-end will not be limited. 

Besides, the distance between two different transformers also needs to be optimized to 

make sure they do not have undesired coupling effect. Table 4- 1 shows the list of pads used 

in the layout.  
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Fig. 4- 10 Layout of the proposed receiver front-end 

 

 

 

Table 4- 1 List of pads   
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4.4 Conclusion 

 
   This chapter mainly focuses on the discussion of receiver front-end layout 

considerations for EM simulations based on the EMX. Start with the simple simulation 

for inductor, the triple coupling input transformer, and the layout for the receiver front-

end has also been discussed step by step. 
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Chapter 5 
 

 

Performance Evaluation in Co-

simulation Platform 
 
 
This chapter describes the performance evaluation of the proposed receiver front-end 

with the mixed-mode co-simulation platform. The simulated results is shown on the GUI 

in MATLAB. 

   A graphical user interface (GUI) was constructed in MATLAB to in/out simulated files 

between MATLAB and ADS/Cadence dynamically as discussed in chapter 2. To validate 

the proposed receiver front-end, 16-QAM OFDM modem in MATLAB is used for BER 

and constellation check.  

 

5.1 Receiver front-end 

 
   The baseband 16-QAM OFDM signal is generated in MATLAB as discussed in the 

previous chapter. In this case, the number of sub-carriers is 256, frame number is 50 with 

1GHz bandwidth. The total sampling point number is 57560. And the simulation time for 

circuit part in ADS is 2 hours. These parameters can be changed according to different 

specifications on the left-hand side in the GUI. After the signal passes through the receiver 

front-end, which simulated in ADS, then the output baseband OFDM signal can be 

demodulated in MATLAB. And the demodulated signal characteristics are shown on the 

right-hand side in the GUI. The signal bandwidth is 1GHz, and the data rate is 3.765 Gbps. 

Both the BER and FER are zero with 3.815 % EVM. The subcarrier index can be change d 
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to see the signal performance for different subcarrier. Fig. 5- 1 shows the OFDM signal 

modem GUI for proposed receiver front-end. 

 
 

Fig. 5- 1 OFDM signal modem GUI for proposed receiver front-end 

 

   In this co-simulation, 10 prefixes are utilized to synchronize the transmitted and received 

baseband signals. Fig. 5- 2 shows the simulation results of the synchronization. Ten peak 

correlation values clearly appear. This means the demodulation can find the actual start 

time of the received baseband signal accurately.  

 

Fig. 5- 2 The correlation value of the synchronization in the demodulation process  

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

0

C
o

rr
el

at
io

n
 V

al
u

e

170 260 320140

0.2

0.4

0.6

Time(ns)

200 230 290110

0.8

1



  55  

 

   The input signal spectrum for the direct-conversion receiver front-end is shown in Fig. 

5- 3. According to recent publications, the gain for PA in transmitter is set to be 20 dB. 

With loss considered in the channel, the average input power of the receiver front-end is -

44 dBm. This value can be controlled by adjusting the behavior circuit blocks for the 

transmitter and the channel. 

 

 
 

Fig. 5- 3 The input spectrum for the direct-conversion receiver front-end 

 

5.2 Parameter setting for other behavior models  

 
   As discussed in chapter 2, the circuit blocks in the transceiver system are based on the 

behavior models. For different design target, the behavior models can be changed to 

schematic or post simulation files to support the design from system specification level to 

actual circuit implementations. The circuit part for the proposed platform contains 

common circuit blocks inside transceiver, as well as a simple model for the channel 

between transmit antenna and receive antenna. The parameters of all behavior circuit 

blocks can be controlled easily. And actual designed circuit can be further implemented 

inside to replace behavior blocks for different design target. The MATLAB GUI can be 
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customized to control the parameters of the models in the circuit (which simulated in ADS) 

directly. Fig. 5- 4 shows that the “Data Access Component” in ADS can help to link the 

GUI with the models in ADS. Then by setting the “VAR” in ADS accordingly, the desired 

variables of the ADS Models can be changed directly in GUI.  

 

 

 
 

Fig. 5- 4 Parameter controllers for behavior models in the transceiver system  

 

5.3 Conclusion 

 
   This chapter shows the performance evaluation of the proposed receiver front-end with 

the mixed-mode co-simulation platform. Not only for the receiver front-end, this mixed-

mode co-simulation platform can be implemented for the whole transceiver system design. 

And the GUI can be modified accordingly depends on the different design targets.  
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Chapter 6 
 

 

Conclusion and Prospective 
 
 
   Based on the development of the 5G communication networks. This thesis focuses on 

the design of a mixed-mode co-simulation platform for broadband mm-wave receiver IC 

design. The co-simulation platform is based on MATLAB, ADS, Cadence and EMX to 

support the receiver front-end design from system specification to circuit implementation. 

For the receiver front-end design, the work focuses on developing a low noise amplifier 

(LNA) in the 24-32 GHz to meet the gain, noise figure, linearity, bandwidth, and area 

requirements, simultaneously. A novel compact three-coil transformer is employed to 

perform single-ended to differential conversion, broadband input matching, gm-boosting, 

and noise suppression at the LNA input. The proposed LNA is further integrated with  

mixer, variable gain amplifier (VGA) and the output buffer to form a broadband receiver 

front-end at 28GHz to support high data rate communication system. Each of the circuit 

blocks in the proposed receiver front-end is detailed discussed in the previous chapters. 

The performance for the post-simulation of the proposed receiver front-end is evaluated 

by the mixed-mode co-simulation platform. 

   The future work can be focused on the LO signal generation circuit design, or the mm -

wave transmitter design. The typical behavior models for the transceiver front-end are built 

in ADS as discussed in chapter 2 and chapter 5 to realize the transceiver IC design from 

system specification to circuit implementations.  



  58  

 

 

List of Figures 

 
Fig. 1- 1 (a) The 5G frequency spectrum (b) Frequency bands for early deployment of 5G mm-wave 

systems [4] 2 

Fig. 1- 2 5G usage scenarios [3] 3 

Fig. 1- 3 Overall vision of 5G [9] 3 

Fig. 1- 4 M-QAM constellation diagrams [10] 4 

Fig. 1- 5 The circuit blocks of the typical transceiver system 6 

Fig. 1- 6 System diagram of the transceiver front-end with 16-QAM signal 7 

Fig. 2- 1 The diagram of the mixed-mode co-simulation platform                             11 

Fig. 2- 2 OFDM with 16-QAM: (a) Modulation (b) Demodulation 12 

Fig. 2- 3 The diagram of signal modulation and demodulation 13 

Fig. 2- 4 The graphical user interface of the co-simulation platform 14 

Fig. 2- 5 The top view of the co-simulation schematic in ADS 15 

Fig. 2- 6 System diagram of transceiver with OFDM 16 

Fig. 2- 7 Dynamic link between ADS and Cadence 17 

Fig. 2- 8 Wireless link 18 

Fig. 2- 9 Diagram of link budget [28] 19 

Fig. 2- 10 The GUI of the co-simulation platform 20 

Fig. 3- 1 Capacitive cross coupling technique [44]                                                         23 

Fig. 3- 2 . (a) Schematic of a cascode LNA with classical noise matching technique  24 

Fig. 3- 3 (a) Schematic of a cascode LNA with simultaneous noise and input matching 

(b)Small-signal equivalent circuit [46] 25 

Fig. 3- 4 Circuit schematics: (a) gm-boosted CG LNA, and (b) proposed LNA 27 

Fig. 3- 5 (a) The 3-D view of the three-coil transformer (b) layout of proposed LNA 28 

Fig. 3- 6 Simulated results of the proposed LNA: (a) gain, (b) matching condition, (c) 

file:///C:/Users/Sylvia/Desktop/Grad_forms/Xuan_Grad/MphilThesis_Xuan_WU_2047%207211.docx%23_Toc42641077


  59  

 

IIP3, (d) noise figure, and (e) reverse isolation.  30 

Fig. 3- 7 Mixer circuit symbol 31 

Fig. 3- 8 Schematic of a double-balanced mixer 32 

Fig. 3- 9 Signal flow of the double-balanced mixer [51] 32 

Fig. 3- 10 Behaviors of ideal double-balanced mixer [51] 33 

Fig. 3- 11 Achieving balanced RF signal with Biasing [51] 33 

Fig. 3- 12 schematic of multiplier-based VGA [54] 35 

Fig. 3- 13 Circuit schematics of proposed receiver front-end 36 

Fig. 3- 14 schematic of the output buffer in Cadence view.  36 

Fig. 3- 15 Floorplan of proposed receiver front-end 37 

Fig. 3- 16 Simulated results of the proposed receiver front-end: (a) Gain, (b) Input 

matching condition, (c) IIP3, and (d) noise figure  38 

Fig. 3- 17 Simulated results for the IIP3 of the LNA 39 

Fig. 3- 18 Simulated results of (a) constellation for the input 16-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram 40 

Fig. 3- 19 Simulated results of (a) constellation for the input 64-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram 41 

Fig. 4- 1 Simulated results of (a) constellation for the input 64-QAM signal, (b) output 

constellation, (c) I-path eye-diagram, and (d) Q-path eye diagram                                        43 

Fig. 4- 2 Settings for pins of the inductor 44 

Fig. 4- 3 Location of the pins 44 

Fig. 4- 4 EMX GUI settings for inductor 45 

Fig. 4- 5 GDSVIEW of the simulated inductor 46 

Fig. 4- 6 Comparison between inductor simulated results and Spice Model  47 

Fig. 4- 7 Three-coil transformer: (a) 3-D view (b) simplified equivalent differential circuit 

model 48 

Fig. 4- 8 Equivalent differential circuit model: (a) values of components (b) comparison of 

Z11 (c) comparison of Z22 (d) comparison of Z33 49 



  60  

 

Fig. 4- 9 Simulated results of the tree-coil transformer: (a) inductance, and (b) coupling 

factor between each of the two coils  49 

Fig. 4- 10 Layout of the proposed receiver front-end 51 

Fig. 5- 1 OFDM signal modem GUI for proposed receiver front-end                                     54 

Fig. 5- 2 The correlation value of the synchronization in the demodulation process  54 

Fig. 5- 3 The input spectrum for the direct-conversion receiver front-end 55 

Fig. 5- 4 Parameter controllers for behavior models in the transceiver system 56 

 

 



  61  

 

 

List of Tables 

 
Table 1- 1 Comparison of QAM formats and spectral efficiency 5 

 

Table 3- 1 Comparison of three LNA topologies  24 

 

Table 4- 1 List of pads 51 

 



  62  

 

 

References 
 
[1] Ericsson Mobility Report: The Need for Spectrum Harmonization. Accessed: Sep. 8, 2016. 

[Online]. Available: https://www.ericsson.com/r es/docs/2016/mobility-report/emr-june-2016the-

need-for-spectrum-harmonization.pdf 

 

[2] HUAWEI TECHNOLOGIES CO. LTD., 5G Spectrum Public Policy Position. Accessed: 2017. 

[Online] Available: http://www-file.huawei.com/-/media/CORPORATE/PDF/public-

policy/public_policy_position_5g_spectrum.pdf 

 

[3] HUAWEI TECHNOLOGIES CO.LTD., 5G spectrum Public Policy Position. Accessed: 2020. 

[Online] Available: https://www-file.huawei.com/-/media/corporate/pdf/public-

policy/public_policy_position_5g_spectrum_2020_v2.pdf?la=en 

 
[3] IMT-2020 (5G) Promotion Group, 5G vision and requirements. [Online] Available: 

http://www.imt-2020.cn. 

 

[4] Qualcomm, Future of 5G. [Online] Available: 

https://www.qualcomm.com/media/documents/files/making-5g-nr-a-commercial-reality.pdf 

 

[5] A. Arbabian, S. Callender, S. Kang, M. Rangwala, and A. M. Niknejad, “A 94 GHz mm-

wave-to-baseband pulsed-radar transceiver with applications in imaging and ges- ture 

recognition,” IEEE Journal of Solid-State Circuits, vol. 48, no. 4, pp. 1055–1071, April 2013. 

 

[6] S. Y. Kim and G. M. Rebeiz, “A low-power BiCMOS 4-element phased array receiver for 

76–84 GHz radars and communication systems,” IEEE Journal of Solid-State Circuits, vol. 47, 

no. 2, pp. 359–367, Feb 2012. 

 

[7] A. Natarajan, A. Komijani, X. Guan, A. Babakhani, and A. Hajimiri, “A 77-GHz phased-

array transceiver with on-chip antennas in silicon: Transmitter and local LO-path phase shifting,” 

IEEE Journal of Solid-State Circuits, vol. 41, no. 12, pp. 2807–2819, Dec 2006. 

 

[8] K. Koh, J. W. May, and G. M. Rebeiz, “A millimeter-wave (40–45 GHz) 16-element phased-

array  transmitter  in  0.18-𝜇m  SiGe  BiCMOS  technology,” IEEE  Journal  of Solid-State Circuits, 

vol. 44, no. 5, pp. 1498–1509, May 2009. 

 

[9] G. Liu, D. Jiang, “5G: Vision and requirements for mobile communication system towards 

year 2020,” Chinese Journal of Engineering, March 2016 

 

[10] T. Pfau, S. Hoffmann, and R. Noe, “Hardware -efficient coherent digital receiver concept 

with feedforward carrier recovery for M-QAM Constellations”, IEEE Journal of Lightwave 
Technology, vol. 27, no. 8, April. 2009 

 

[11] W. T. Webb and R. Steele, “Variable Rate QAM for Mobile Radio”, IEEE Transactions on 
Communications, vol. 43, no. 7, 1995. 

 

[12] B. Hirosaki, “An orthogonally multiplexed QAM system using discrete fourier transform”, IEEE 
Transactions on Communications, vol. com-29, no. 7, 1981. 

 

https://www.ericsson.com/r%20es/docs/2016/mobility-report/emr-june-2016the-need-for-spectrum-harmonization.pdf
https://www.ericsson.com/r%20es/docs/2016/mobility-report/emr-june-2016the-need-for-spectrum-harmonization.pdf
http://www-file.huawei.com/-/media/CORPORATE/PDF/public-policy/public_policy_position_5g_spectrum.pdf
http://www-file.huawei.com/-/media/CORPORATE/PDF/public-policy/public_policy_position_5g_spectrum.pdf
https://www-file.huawei.com/-/media/corporate/pdf/public-policy/public_policy_position_5g_spectrum_2020_v2.pdf?la=en
https://www-file.huawei.com/-/media/corporate/pdf/public-policy/public_policy_position_5g_spectrum_2020_v2.pdf?la=en
http://www.imt-2020.cn/
https://www.qualcomm.com/media/documents/files/making-5g-nr-a-commercial-reality.pdf


  63  

 

[13] P. K. Vitthaladevuni and M. S. Alouini, “A closed-form expression for exact BER of generalized 

PAM and QAM constellations”, IEEE Transactions on Communications, vol. 52, no. 5, 2004. 

 

[14] C. E. W. Sundberg, W. C. Wong, and R. Steele, “Logarithmic PCM weighted QAM transmission 

over Gaussian and Rayleigh fading channels,” Proc. Inst, Elect. Eng., vol. 134, 1987. 

 

[15] M. Morimoto, H. Harada, M. Okada, and S. Komaki, “A study on power assignment of 

hierarchical modulation schemes for digital broadcasting,” IEICE Trans. Commun., 1994. 

 

[16] T. Chi, J. S. Park, S. Li, H. Wang, “ A millimeter-wave polarization-division-duplex transceiver 

front-end with an on-chip multifeed self-interference canceling antenna and an all-passive 

reconfigurable canceller,” IEEE Journal of Solid-State Circuits, no. 12, 2018. 

 

[17] D.-J. van den Broek, E. A. M. Klumperink, and B. Nauta, “An in-band full-duplex radio receiver 

with a passive vector modulator downmixer for self-interference cancellation,” IEEE J. Solid-State 
Circuits, vol. 50, no. 12, pp. 3003–3014, Dec. 2015. 

 
[18] T. Dinc, A. Chakrabarti, and H. Krishnaswamy, “A 60 GHz samechannel full-duplex CMOS 

transceiver and link based on reconfigurable polarization-based antenna cancellation,” Proc. IEEE 

Radio Freq. Integr. Circuits Symp., May 2015, pp. 31–34 

 

[19] T. Dinc, A. Chakrabarti, and H. Krishnaswamy, “A 60 GHz CMOS full-duplex transceiver and 

link with polarization-based antenna and RF cancellation,” IEEE J. Solid-State Circuits, vol. 51, no. 5, 

pp. 1125–1140, May 2016. 

 

[20] J. Zhou, N. Reiskarimian, and H. Krishnaswamy, “Receiver with integrated magnetic-free N-

path-filter-based non-reciprocal circulator and baseband self-interference cancellation for full-duplex 

wireless,” IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2016, pp. 178–179. 

 

[21] X. Yang and A. Babakhani, “A full-duplex single-chip transceiver with self-interference 

cancellation in 0.13 μm SiGe BiCMOS for electron paramagnetic resonance spectroscopy,” IEEE J. 
Solid-State Circuits, vol. 51, no. 10, pp. 2408–2419, Oct. 2016 

 

[22] T. Zhang, A. Najafi, C. Su, and J. C. Rudell, “A 1.7-to-2.2 GHz full-duplex transceiver system 

with >50 dB self-interference cancellation over 42 MHz bandwidth,” IEEE Int. Solid-State Circuits 
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2017, pp. 314–315. 

 

[23] A. Agrawal and A. Natarajan, “A 0.3 GHz to 1.4 GHz N-path mixerbased code-domain RX with 

TX self-interference rejection,” in Proc. IEEE Radio Freq. Integr. Circuits Symp., Jun. 2017, pp. 272–

275. 

 

[24] T. Chi, J. S. Park, S. Li, and H. Wang, “A 64 GHz full-duplex transceiver front-end with an on-

chip multifeed self-interference-canceling antenna and an all-passive canceller supporting 4 Gb/s 

modulation in one antenna footprint,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. 

Papers, Feb. 2018, pp. 76–77. 

 

[25] C. Lu, M. K. Matters-Kammerer, A. Zamanifekri, A. B. Solders, and P. G. M. Baltus, “A 

millimeter-wave tunable hybrid-transformer-based circular polarization duplexer with sequentially-

rotated antennas,” IEEE Trans. Microw. Theory Techn., vol. 64, no. 1, pp. 166–177, Jan. 2016. 

 

[26] X. Meng, C. Wang, M. Kalantari and C.P. Yue, “ A 16-Gb/s 0-dB power back-off 16-QAM 

transmitter at 28GHz in 65-nm CMOS,” IEEE Symposium on VLSI Circuits., pp.217-218, 2018. 

 

[27] R. Mohamad, R. Mahmud, R.A. Awang, “Prototype of quadrature amplitude modulation (QAM) 

baseband modem for a digital baseband signal processor,” IEEE International RF and Microwave 



  64  

 

Conference, 2011. 

 

[28] R. Venkatraman, S. K. Khaitan, and V. Ajjarapu, “Dynamic co-simulation methods for combined 

transmission-distribution system with integration time step impact on convergence,” IEEE Trans. 
Power Syst., vol. 34, no. 2, pp. 1171-1181, Mar. 2019. 

 

[29] W. Li, Y. Zhang, L. Huang, C. Maple and J. Cosmas, “Implementation and co-simulation of 

hybrid pilot-aided channel estimation with decision feedback equalizer for OFDM Systems,” IEEE 
Trans. Broadcasting, vol. 58, no. 4, pp. 590-602, Dec. 2012. 

 

[30] A. Bennadji, A. Soury, E. Ngoya, R. Quere, “Implementation of behavioral models in system 

simulator and RF circuit/system co-simulation,” Eur. Microw. Conf. (EuMC), Manchester, UK, Sep. 

2006. 

 

[31] O. Z. Batur, G. Dundar, and M. Koca, “Matlab & VHDL-AMSs co-simulation environment for 

IR-UWB transceiver design,” 13th Int. Conf. Synthesis Model. Anal. Simul. Methods Appl. Circuit 

Design (SMACD), Lisbon, Portugal, Jun. 2016. 
 

[32] C. Y. Wong, R. S. Cheng, K. B. Lataief, and Ross D. Murch, “Multiuser OFDM with adaptive 

subcarrier, bit, and power allocation,” IEEE Journal of selected areas in communications, vol. 17, 

1999. 

 

[33] L. J. Cimini, Jr. and N. R. Sollenberger, “OFDM with diversity and coding for high-bit-rate 

mobile data applications,” Mobile Multimedia Commun., vol. 1, pp. 247–254, 1997. 

 

[34] A. Czylwik, “Adaptive OFDM for wideband radio channels,” in Proc. IEEE Global 

Telecommunications Conf. (GLOBECOM’96), London, U.K., Nov. 1996, pp. 713–718. 

 

[35] H. Rohling and R. Grunheid, “Performance comparison of different multiple access schemes for 

the downlink of an OFDM communication system,” in Proc. IEEE Vehicular Technology Conf. 

(VTC’97), Phoenix, AZ, pp. 1365–1369. 

 

[36] Johnson, Richard. Antenna Engineering Handbook (2nd ed.). New York, NY: McGraw-Hill, Inc. 

p. 1-12. 

 

[37] B. Mohr, N. Zimmermann, B. T. Thiel, and S. Heinen “An RFDAC based reconfigurable multi-

standard transmitter in 65nm CMOS,” IEEE Radio Frequency Integrated Circuits Symposium, 2012. 

 

[38] A. Kavousian, D. Su, M. Hekmat, A. Shirvani, and B. Wooley, “A digitally modulated polar 

CMOS power amplifier with a 20-mhz channel bandwidth,” IEEE Journal of Solid-State Circuits, vol. 

43, no. 10, pp. 2251–2258, Oct. 2008. 

 

[39] B. Mohr, J. H. Meuller and S. Heinen “A digital centric CMOS RF Transmitter for multi-

standard multiband applications,” IEEE Radio Frequency Integrated Circuits Symposium, 2014. 

 

[40] O. Oliaei, M. Kirschenmann, D. Newman, K. Hausmann, H. Xie, P. Rakers, M. Rahman, M. 

Gomez, C. Yu, B. Gilsdorf, and K. Sakamoto, “A multiband multimode transmitter without driver 

amplifier,” in Solid-State Circuits Conference Digest of Technical Papers (ISSCC), 2012 IEEE 

International, 2012, pp. 164–166 

 

[41] D. J. Allstot, “Low-noise amplifiers,” IEEE Int. SolidState Circuits Conf., Short Course, San 

Francisco, CA, Feb. 2001. 

 

[42] D. K. Shaeffer and T. H. Lee, “A 1.5-V, 1.5-GHz CMOS low-noise amplifier,” IEEE J. Solid-

State Circuits, vol. 32, no. 5, pp. 745–759, May 1997. 



  65  

 

 

[43] X. Li, “Low noise design techniques for radio frequency integrated circuits,” Ph.D. dissertation, 

Univ. of Washington, Seattle, Jul. 2004. 

 

[44] W. Zhuo, S. Embabi, J. Pineda de Gyvez, and E. Sanchez-Sinencio, “Using capacitive cross-

coupling technique in RF low-noise amplifiers and down-conversion mixer design,” Proc. Eur. Solid-

State Circuits Conf. (ESSCIRC), pp. 116–119, 2000. 

 

[45] T. Cho et al, “A Single-Chip CMOS Direct-Conversion Transceiver for 900MHz Spread-

Spectrum Digital Cordless Phones”, ISSCC Digest of Technical Papers, Feb 1999, pp. 228-229. 

 

[46] M. Dyakonov and M. Shur, “Detection, mixing and frequency multiplication of terahertz 

radiation by two-dimensional electronic fluid,” IEEE Transactions on Electron Devices, 1996 
 
[47] H. Jia, C. C.  Prawoto, B. Chi, Z. WANG, and C.P. Yue, “A fully Ka-Bnad power amplifier with 

32.9% PAE and 15.3 dBm power in 65-nm CMOS,” IEEE Transactions on Circuits and Systems I, 
vol. 65, 2018. 

 

[48] H. Darabi and A. A. Abidi, “Noise in RF CMOS mixers: a simple physical model”, IEEE 
Journal of Solid-State Circuits, 2000. 

 

[49] F. Behbahani, Y. Kishigami, J. Leete, and A. A. Abidi, “CMOS mixers and polyphase filters for 

large image rejection”, IEEE Journal of Solid-State Circuits, 2001. 

 

[50] U. A. Belorkar, S. A. Ladhake and S. N. Kale, “2.45 GHz Gilbert mixer using 45nm CMOS 

technology”, IEEE Business, Engineering & Industrial Application Colloquium (BEIAC), 2012/ 

 

[51] Massachusetts Institute of Technology, H. S. Lee and M. H. Perrott, “High Speed 

Communication Circuits and Systems, Lecture 16” Accessed: 2005. [Online] Available: 

https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-776-high-speed-

communication-circuits-spring-2005/lecture-notes/lec16.pdf 

 

[52] P. J. Sullivan, B. A. Xavier and W. H. Ku, “A low voltage performance of microwave CMOS 

Gilbert Cell Mixer,” IEEE J. Solid-State Circuits, vol. 32, pp1151-1155, July 1997 

 

[53] B. Gilbert, “A high-performance monolithic multiplier using active feedback,” IEEE J. Solid-
State Circuits, vol. SC-9, pp.364-373 Dec.1974. 

 

[54] Texas A&M Universiy, S. Palermo, “Lecture 25: Variable Gain Amplifiers (VGAs)” Accessed: 

2010. [Online] Available: http://www.ece.tamu.edu/~spalermo/ecen474/lecture25_ee474_vgas.pdf 

 

[55] Integrand Software Inc., S. Kapur and D. E. Long, “EMX: a commercial full-wave 3D 

electromagnetic simulator,” Accessed: 2010. [Online] Available: 

https://www.ima.umn.edu/materials/2009-2010/SW8.2-

5.10/9916/IMA_2010_workshop_integrand.pdf  

 

 

 

 

https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-776-high-speed-communication-circuits-spring-2005/lecture-notes/lec16.pdf
https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-776-high-speed-communication-circuits-spring-2005/lecture-notes/lec16.pdf
http://www.ece.tamu.edu/~spalermo/ecen474/lecture25_ee474_vgas.pdf
https://www.ima.umn.edu/materials/2009-2010/SW8.2-5.10/9916/IMA_2010_workshop_integrand.pdf
https://www.ima.umn.edu/materials/2009-2010/SW8.2-5.10/9916/IMA_2010_workshop_integrand.pdf

