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ABSTRACT 

 

Spin Torque Oscillator (STO) is a promising technology for microwave and radar 

applications due to its large tunability, miniature size, high operation frequency, high 

integration level, etc. However, the technology comes also with issues and challenges, 

such as low output power and spectrum impurity. For instance, in order to apply the 

STO technology into communication systems, an amplifier is required to compensate 

the STO’s low output power. 

This thesis presents an amplifier for promising Magnetic Tunnel Junction 

(MTJ) STO devices. The motional resistance of different MTJ STO devices varies 

from several Ohms to hundreds Ohms, which makes the design challenging. This 

thesis focuses first on extracting the amplifier requirements using the state-of-the-art 

MTJ STO devices. The operation frequency of MTJ STO is in the range of 4-8GHz 

with a -40～-60 dBm output power. Therefore, a wideband amplifier with 45-65 dB 

gain is required. Then based on the amplifier requirements, an amplifier topology is 

proposed, which is composed of two types of input balun-LNA stages depending on 

the motional resistance of the STO, a broadband limiting amplifier and an output 

buffer. CG-CS architecture is suitable for the input balun-LNA in the small motional 

resistance case and cascoded-CS architecture is suitable for the large motional 

resistance case. The limiting amplifier and the output buffer are the common circuits 

shared by two cases via switches. 

The wideband amplifier for STO is implemented using a 65nm CMOS process 

with 1.2V supply and it exhibits 52.36 dB gain with 1.34-11.8 GHz bandwidth in 

small motional resistance case and 59.29 dB gain with 1.171-8.178 GHz bandwidth in 

large motional resistance case. The simulation results show that the amplifier has very 

low power consumption and meets the linearity and noise performance requirements. 
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ABBREVIATION TABLE 

 

Abbrev. Full names 

AC Alternating Current 

CCO Current-Controlled Oscillator 

CG Common Gate 

CMOS Complementary Metal-Oxide Semiconductor 

CS Common Source 

dB Decibel 

dBm Power ratio in decibels  of the measured power referenced to 

one milliwatt  

DC Direct Current 

ESD Electrical Static Discharge 

Ft Transit Frequency 

gm Transconductance 

GMR Giant Magnetic Resistance 

IIP3 Third-Order Input Intercept Point 

IP3 Third-order Intercept Point 

LA Limiting Amplifier 

LNA Low Noise Amplifier 

LSB Load Stability Circle 

MR Magneto-Resistance 

MTJ Magnetic Tunnel Junctions 

NF Noise Figure 

OIP3 Output Third-Order Intercept Point 

PAC Periodic AC 

PCB Printed Circuit Board 

PLL Phase-Locked Loop 

PSS Periodic Steady-Stage 

Rds Drain to Source Resistance 

Recn Resistor for Thermal Noise Enhancement 
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RAM Random Access Memory 

RF Radio Frequency 

SRF Self-Resonant Frequency 

SSB Source Stability Circle 

STO Spin Torque Oscillator 

TIA Transimpedance Amplifier 

TMR Tunnel Magnetic Resistance 

VCO Voltage-Controlled Oscillator 

Vdd Power Supply Voltage 

Vpp Peak-to-peak voltage 

VSWR Voltage Standing Wave Ratio 

VTH Threshold voltage of Transistor 
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Chapter 1. Introduction 

 

1.1 Motivation 

Microwave refers to the signals with frequencies between 300MHz and 300GHz 

frequency range [1]. Microwave applications such as wireless communication systems 

and radar communication are developing at a rapid speed. Oscillators play very 

important role in these microwave applications. In all the communication systems, 

oscillators generate the carrier or local oscillator signal. Modern microwave oscillator 

requires the following features: miniature size, low cost, high operation frequency, 

high quality and stability, low phase noise, large tunability, low power consumption, 

high output power, high integration level and temperature independence. 

Unfortunately, there is no microwave oscillator, which assembles all these features 

together. The typical off-chip quartz crystal oscillator has large dimension, large 

power consumption, temperature dependence, low integration level, high quality only 

at low frequency, and lack of anti-vibration, which is no longer suitable for modern 

microwave applications. CMOS fully integrated LC-VCO is competitive due to its 

low phase noise, low power consumption, large tunable frequency range (1-2 GHz) 

[2]. However, the integrated oscillators have very low quality factor.  

Spin torque oscillator (STO) is a novel tunable nanoscale microwave integrated 

current-controlled oscillator (CCO). The tunability of STO is typically in 5-40 GHz 

range, which is suitable for applications in the domain of microwave frequency. The 

quality factor of magnetic tunnel junctions (MTJ) STO is up to 18000 [3] and is easy 

to be integrated in CMOS process. These advantages make it a promising microwave 

oscillator candidate.  

The nanometer-sized STO is based on two spintronic effects: spin momentum 

transfer torque and magneto-resistance (MR). The spin torque effect was first 

predicted in 1996 by Slonczewski and Berger [4]. One prediction was described as 

that a spin-polarized current can induce magnetic switching and dynamic excitations 

in ferromagnetic thin films [5]. Demonstrations of spin torque have so far been 

focused on ‘current-induced switching’ for application in hard-disk drives and 
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Random Access Memories (RAM). The other prediction is that the spin-torque can 

drive steady-state magnetization precession (oscillation) when the applied fields are 

large enough. MR effect translates the magnetic precession into the microwave signal 

when an external magnetic field is applied. Nowadays, numerous measurements are 

carried out to explore the characterization of STO and improve the performance of 

STO. Bottlenecks of this nanometer-sized magnetic oscillator that need exploration 

are low output power and spectrum impurity. The low output power can be 

compensated by employing an application specific amplifier that provides high gain, 

wideband, low noise and high linearity.  

 

1.2 Objectives 

As per knowledge of the author, there is no universal amplifier for MJT STO device 

with large motional resistance as well as small motional resistance, in literature. The 

objective of this thesis is to design and implement the required circuit to amplify the 

microwave signal generated by the MTJ STOs with small/large motional resistance 

provided by the Applied Spintronics group in KTH.  

Firstly, this thesis should concentrate on the theoretical, mathematical and 

physical background behind STO.  

Secondly, the amplifier requirements should be analyzed based on the 

state-of-the-art STOs’ performance. To reach this goal, the following features of STO 

have to be analyzed: mechanism, advantages and disadvantages, classification, 

external and internal influence, output power, motional resistance, noise, operation 

frequencies. Thirdly, the amplifier must be designed and simulated according to the 

requirements. The amplifier will be designed using a 65nm CMOS process. The 

shrinking of transistors size leads to higher cutoff frequency Ft and fast speed. The 

process shrinking also leads to some disadvantages: lower drain-source voltages, low 

supply voltage, low gain per stage, mismatch, etc. In this design, gain is influenced 

heavily by the imperfection of the 65nm process. The output conductance of 

short-channel transistors is very large, which leads to a lower intrinsic gain. Besides, 

the channel-length modulation factor is also very large in the 65nm process, which 

finally results in a very low gain [6]. Furthermore, the reduced supply voltage limits 

the choice of amplifier topologies. In order to achieve high gain, the combination of 
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cascading and cascoding of amplifier stages should be employed. The noise 

performance is also critical to this project. However, in the 65nm process, the noise 

performance is limited by the gate current noise, which is caused by the 

comparatively large gate leakage current. Thus, the low leakage transistors are used in 

this project. Above all, the trade-off between gain and bandwidth, the imperfection of 

the 65nm process and strict requirements for amplifier need careful consideration 

during the amplifier design.  

 

1.3 Thesis Organization  

� Chapter 1. Introduction: This chapter describes the motivation and the objective 

of this thesis.  

� Chapter 2. Spin Torque Oscillator: This chapter mainly presents STO operating 

principle, summarizes the state-of-the-art performance and STO’s superiority. 

The main issues of STO are also raised by investigating the existing references. 

� Chapter 3. Amplifier Requirements and Topology: The requirements of the 

amplifier for STO depend on the STO performance. The amplifier topology is 

proposed based on the requirements. 

� Chapter 4. Bias-tee and Current Source/Sink: This chapter introduces bias-tee 

network and its alternatives, and verifies the feasibility of on-chip bias-tee 

network and current source/current sink. 

� Chapter 5. Input stage of Amplifier: This chapter presents the design of input 

stage of the whole amplifier in small and large motional resistance cases 

respectively.  

� Chapter 6. Limiting amplifier: This chapter studies the existing limiting 

amplifiers and proposes a suitable topology for this project. This is the core part 

of the amplifier.  

� Chapter 7. Output buffer: This chapter compares several types of output buffer 

and comes out with a solution of output buffer for this project. 

� Chapter 8. Wideband Amplifier Design: The whole amplifier design is proposed 

based on the previous 4 chapters. The noise performance, linearity, S-parameter 

analysis, corner analysis, etc. are simulated and analyzed in Cadence. 
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� Chapter 9. Conclusion and Future Work: This chapter summarizes the overall 

work that has done in this thesis and suggests recommendations for future work. 
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Chapter 2. Spin Torque Oscillator 

 

2.1 Background 

In recent years, the intriguing properties of STO make it a promising candidate for 

microwave and radar applications. STO is based on two spintronic effects: spin 

momentum transfer torque and MR. 

The structure of STO [7] is given in Figure 2.1. A nonmagnetic spacer layer is 

sandwiched between the fixed layer and free layer. 

 

 

The *Red arrow indicates the direction of the magnetization. 

 

Figure 2.1 STO structure and magneto-resistance effect (a). Parallel case in 

magneto-resistance effect with small resistance; (b). Anti-parallel case in 

magneto-resistance effect with a large resistance 

 

2.1.1 Spin momentum transfer torque 

Spin momentum transfer torque is caused by the spin polarized current. Thus, the spin 

momentum transfer torque acts on the free layer and provides the required energy to 

maintain the steady state oscillation. When spin polarized current is injected from 

magnetic layer into a non-magnetic layer, the spin polarization will be retained over a 

certain distance [8] as shown in Figure 2.2(a). When spin polarized current is injected 
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from non-magnetic layer into a magnetic layer, the spin of the injected current will be 

quickly absorbed by the magnetic layer on the right side in Figure 2.2(b). When the 

current is large enough (larger than the threshold current Ith), it will cause the change 

of the magnetization direction of the magnetic layer [8]. 

 

 

 

Figure 2.2 Spin momentum transfer torque (the red layer is magnetic layer, the blue 

layer is non-magnetic layer) (a). Spin polarized current injected from magnetic layer 

into a non-magnetic layer (b). Spin polarized current injected from non-magnetic 

layer into a magnetic layer 

 

The magnetization direction of the magnetic layer can change continuously when 

a suitable current is applied, which results in oscillation at GHz frequency.  

 

2.1.2 Magneto-resistance 

The MR effect is the result of the relative orientation changes of magnetization 

between the free layer and fixed layer. As discussed above, the magnetization 

direction of the magnetic layer changes when a suitable DC current is applied. Thus, 

the value of MR is a function of the DC current and applied magnetic field. When 

there is no relative orientation between these two ferromagnetic layers shown in 

Figure 2.1(a), it is called the parallel case. When the magnetization of the free layer is 

in parallel with that in the fixed layer, the electrons can move from the spacer to the 

fixed layer easily and the STO device reveals the low resistance. RP represents the 
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resistance value in the parallel case. When there is a relative orientation of the 

magnetization between the free layer and fixed layer as shown in Figure 2.1(b), it is 

called anti-parallel case. The electrons are hard to move in this case, which results in 

higher resistance. RAP represents the relatively large resistance in the anti-parallel case. 

Thus, as the relative orientation of magnetization changes between the free layer and 

the fixed layer, the electrical resistance value of STO oscillates around a DC value, 

which can be represented as Rdc. The time-variant part of the resistance value, which 

is caused by the relative orientation of magnetization changes, can be regarded as   

△R. The electrical resistance or motional resistance of STO can be represented by 

Rdc+△R, where Rdc lays between RAP and RP, △R is the high frequency term [7]. 

The combination of spin momentum transfer torque and MR makes STO 

oscillates at several gigahertzes under the local effective magnetic field and external 

magnetic field. By tuning the applied DC current and external magnetic field, one can 

find the optimal conditions of operation for STO.  

 

2.2 Characterization of Spin Torque Oscillator 

2.2.1. Features and drawbacks 

Firstly, the size of STO devices is close to zero chip area. Actually, the size of a STO 

device is 50 times smaller than that of the conventional LC-tank VCO [3]. The 

nanoscale dimensions and simple structure makes it extremely suitable for integration 

on silicon. Thus, it can be easily integrated on any kind of semiconductor device, 

which makes it promising to replace the conventional VCO.  

Secondly, the line width (-3 dB bandwidth) in the STO is down to several 

hundreds kilohertz. In the condition of room temperature, the narrow line width 

results in high quality factors of up to 18000 [8]. This high Q characteristic of STO 

indicates a lower rate of energy loss. In resonating systems, high frequency stability 

needs high Q devices. Thus, STO became a candidate for microwave applications. 
Thirdly, STO has superior noise properties due to the high quality factors. 
Fourthly, the STO has a wide tuning frequency range from 1 to 40 GHz and the 

central frequency can be tuned by both current and magnetic field [8]. 
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Finally, STO can be synchronized with other oscillators that are similar to STO 

by using both magnetic and current means [8]. 

The high tunability, miniature size, low energy loss of STO and its compatibility 

with CMOS technology, make the STO technology a promising candidate for future 

communication applications. 

The main issues of STO technology are low output power and spectral impurity. 

Research has been performed to improve the STO performance. The motional 

resistance is a function of the applied magnetic field and direct current. In different 

STO systems, the motional resistance varies from several Ohms to hundreds Ohms. 

The current improvements of output power are just focusing on one specific type of 

the motional resistance when specific magnetic field and direct current are applied. 

Hence, the improvements are restricted to a specific STO device or one type of STO 

devices. The spectral impurity of STO is still a troublesome issue. The frequency 

fluctuates at a high speed. Furthermore, the direct current applied to the STO is 

connected directly to the external current generator, which is noisy and inaccurate. 

 

2.2.2. Classification 

The STOs suitable for microwave applications are based on two spintronic effects: 

MR and the spin momentum transfer torque. There are two important types of STO, 

which can be distinguished by the MR. One is the MTJ type, which is characterized 

by tunnel magnetic resistance (TMR) and the other spin valve type, which is 

characterized by giant magnetic resistance (GMR). TMR is much higher than GMR, 

which causes a higher output power in MTJ devices. However, the larger resistance 

requires a lower current density in order to prevent from breakdown. The lower 

current density required in MTJ STO causes that its frequency of operation will be 

lower compared to all metal (referred to GMR), nano contact STO [3]. Moreover, the 

MTJ, compared with GMR, has a larger output power while has many unwanted 

modes near the operation frequency.  

What should be emphasized here is that both MTJ and GMR STO excite one 

mode when specific control parameters are set [9]. The free ferromagnetic layer has 

multimode nature, which does not mean that several modes are excited. All the modes 

compete for the same energy source provided by the bias current, and only one 

strongest mode can survive.  
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There are two types of MTJ STO: nano contact type device and nano pillar type 

device as shown in Figure 2.3 [9]. Nano-contact device in Figure 2.3 (a) refers to that 

its free magnetic layer is not bounded in the layer plane. Nanopillar device shown in 

Figure 2.3 (b) is represented as a magnetic stack, which is entirely nanofabricated into 

a pillar shape of around 100 nm dimensions [7] and has a higher resistance than nano 

contact type device. 

 

 

 

Figure 2.3 Two types of MTJ STO: (a). Nano contact type (b). Pillar type 

 

MTJ STO is attractive because of its larger intrinsic signal and strong tendency 

for synchronization [10]. Thus, in this project, MTJ STO is considered due to these 

double benefits. However, larger resistance-area product limits the operation 

frequency of MTJ STO and increases the noise.  

 

2.3 State-of-the-art MTJ STO 

MTJ STO has been successfully used in hard-disk drives and it is a promising 

candidate for the next generation recording technology. The intriguing properties of 

STO suggest that it is also a promising candidate for the next generation microwave 

generators in communications and radar applications.  
MTJ STO is newly explored, and it is not yet compatible with the 

telecommunication standard mainly because of its two drawbacks: low output power 

and spectral impurity.  

In Table 1.1, the state-of-the-art MTJ STO can be seen.  
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Table 2.1 MTJ STO summary 
 

Device F (GHz) LWmin (MHz) Pout (dBm) MR (Ohms) I (mA) Ref 

1 5.03 37.4 -62.7 37-63 ≈50 8 [3] 

2 6 10 -46 180-270   -0.75 [8] 

3 6-8 21 -47 N/A N/A [11] 

4 7 21 -55 ≈100 -2 [12] 

5 5 30 -60 N/A 6 [13] 

6 5-6 N/A N/A 42-70 1 [14] 

7 4.78 N/A 0.14uW= -38.5 42.5-72 N/A [15] 

8 4-7 21 35nW=-44.56 17-25 2, ±10 [16] 

9 Around 5 N/A -40 Assume 50 -8.6 [17] 

10 3.5 and 5 100 0.14uW= -38.5 300-600 >|±0.3| [18] 

F is the centre frequency; LWmin is the minimum linewidth or bandwidth; Pout is the output 

power of STO device; MR is the magnetic resistance; I is the injected DC current; The applied 

bias magnetic field configuration is not shown in the table 

 

Apart from the parameters listed in Table 2.1, MTJ STO can be characterized by 

TMR coefficients. Equation (2.1) is used to calculate the TMR coefficients [7].  

                    
P

PAP

R

RR
tcoefficienTMR

−
=⋅                      (2.1) 

MTJ STOs exhibit TMR coefficient in the range of 50% - 100%. The resistance 

Rdc of MTJ STO varies from 100 to 1000 Ohms [8].  

The output power is proportional to the square of the bias current and can be 

estimated [7], which will be discussed in the Chapter 3. As the bias current increases, 

the output power increases. However, according to [19], at least in a certain range of 

supercritical bias current I/Ith ≤1.5, only one mode is excited by STO. In order to 
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excite only one mode unconditionally, upper limit of the bias current is confined by 

I/Ith ≤1.5.  
The timetraces are shown in Figure 2.4. The STO followed by a 62 dB amplifier 

results in a higher background RMS voltage of 75 mV, but the signal power of 412 

mV is still considerably stronger than the noise [13], which shows that the STO has 

superior noise properties. The oscillation of STO can be clearly identified although it 

is partially sustained [8]. 

From the STO signal in time domain, it is also easy to see that there are 

amplitude variations, frequency variations and phase shifting. This indicates that the 

performance of STO needs improvement. 
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Figure 2.4 Timetrace of MTJ STO after a 62 dB amplifier [13] 

 

The PSD of a typical MTJ STO followed by a 62 dB amplifier can be seen in 

Figure 2.5. From Figure 2.5, one can see that the central frequency is around 5 GHz 

and the second harmonic is around 10 GHz. There are several peaks in the range of 

5.6 – 6.6 GHz, which indicates that the MTJ STO oscillates in several modes at 

different frequencies near the central frequency. The second strongest mode happens 

at 5.512 GHz, which is 16 dB/Hz lower than the strongest mode. Around the center 

frequency of 4.993 GHz, one can see the narrow linewidth which shows a high quality 

factor. The noise floor is 26 dB/Hz lower than the signal. 
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Figure 2.5 PSD over 1us of the MTJ timetrace after a 62 dB amplifier [13] 

 

Apart from the time and frequency domain of the STO output signal, the figure 

of frequency spectra versus time is also important in characterizing the STO. 

According to the frequency spectra versus time [8], one can easily find the frequency 

fluctuation or frequency hooping within ±10 MHz.  

In order to check the influence of amplitude variations, frequency variations and 

phase shifting，a test on locking the phase of STO was carried out [20]. Due to the 

frequency hooping, the STO signal frequency is varying from time to time. 

Sometimes the STO signal frequency is higher and sometimes it is lower than the 

center frequency when DC current and magnetic field are fixed. The expecting result 

is the amplified STO output signal cannot be locked by PLL within 15 ns. Based on 

the result in [20], in author’s opinion the possible causes of the signal locking failure 

are: 

� The amplitude of the amplified STO signal is not stable, which can also be seen 

in the time domain. In the test [20], the lower limit of output power level of the 

amplified STO signal that can be locked by the given PLL is-60 dBm. If the 

signal is too small to reach the limitation, the raising and falling edges of the 

signal cannot be detected. This should be the main reason which leads to the 
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signal locking failure. 

� The phase shifting of the STO is obvious, which also contributes to the failure. In 

Figure 2.4, one can see several phase shifting in such a short time. 

� The frequency fluctuates at a fast speed, which should be taken into consideration 

as well. 

 

2.4 Summary 

STO is a novel current-controlled oscillator device, which is a good candidate for the 

microwave applications due to its advantages, such as miniature size, high quality, 

high frequency, large tunability, high integration level, etc. However, the issues of 

STO are low output power and spectrum impurity, which need more exploration in the 

future. 
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Chapter 3. Amplifier Requirements and 

Topology 

 

3.1 Amplifier Requirements 

The output power of STO followed by a 62 dB amplifier can be calculated from 

Figure 2.5 by using the bandwidth that refers to the 3-dB bandwidth. The output 

power is around -60 dBm in this case. The background noise can also be calculated in 

the same way. The background noise power of STO followed by a 62 dB amplifier is 

-94 dBm. In order to connect the amplified signal to a mixer in the future work, the 

output power of amplified STO signal should be at least 0 dBm. In order to connect 

the amplified signal to a PLL in the coming stage, the output power should be at least 

-10 dBm. Besides, the compensation for microwave losses from the board and cable 

should also be taken into consideration. If the output power of the MTJ STO (input 

power of amplifier) is -60 dBm, the required gain of the amplifier should be 65 dB. 

As it can be seen in Table 2.1, high-power microwave oscillations in MTJ devices 

have been observed in [15] [18]. The output power of MTJ STO is up to -38.5 dBm, 

which calls for less than 40 dB amplifier.  

The direct current requirements are different from case to case, as shown in 

Table 2.1. But in all cases, an accurate and tunable direct current source is needed. It 

can be connected to the STO via the bias-tee. Feasibility of on-chip bias-tee will be 

examined in the Chapter 4.  

The MTJ STO device is placed on the physical transmission line or resonator[21]. 

The proposed amplifier IC can be connected to MTJ STO device by using RF probe 

pads or bond wires. The block diagram of the proposed approach can be seen in 

Figure 3.1.  
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Figure 3.1 Block Diagram of this project (only the current source case is shown) 

 

From Table 2.1, one can find that the central frequency of MTJ STO varies from 

4 GHz to 8 GHz due to the specified device, DC current and magnetic field. Therefore, 

the bandwidth of the proposed amplifier should cover the range of 4-8 GHz. In this 

project, bandwidth B is 4 GHz (from 4 GHz to 8 GHz).  
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where fU is the upper limit of bandwidth, fL is the lower limit of bandwidth and fC is 

the center frequency. High-frequency amplifiers are called wideband amplifiers when 

they meet the criterion of fU/fL≥2. Equation (3.3) indicates that a wideband amplifier 

is needed in this project.  

Nonlinearity is harmful in this project because of two reasons. One reason is that 

several modes are closed to operation frequency and the other one is that frequency 

hoops at a high speed. Thus, good linearity is required. In order to achieve good 

linearity, clipping distortion should be prevented in time domain, which appears as 

odd order harmonics in frequency domain. The efficient way to prevent clipping 

distortion is to keep the output voltage swing sufficient and avoid saturation on 

transistors. However, the 1.2V supply voltage limits the output voltage swing to 1.2V 



Chapter 3. Amplifier Requirements and Topology 

- 16 - 

at maximum. Thus, specific topology with large output swing should be employed in 

the amplifier, specially in the latter stages of the amplifier. 

Moreover, the reflection coefficient S11 and return loss S22 should be below -10 

dB to prevent degrading of the signal.  

Above all, the amplifier requirements are summarized in Table 3.1 

 

Table 3.1.Summary of the amplifier requirements 
 

Item Specific requirement 

STO Technology MTJ 

Measured max. output level -40～-60dBm [8] [11] [13] [15] [16] [18] 

Required total gain of 

amplifier 

Required 45-65 dB amplification depending on the 

STO device* (including compensation for microwave  

losses from the board and cable) 

DC current Accurate tunable current 

Frequency range 4-8 GHz 

Output resistance of STO Around 50 Ohms [11] or larger/smaller than 50 Ohms 

[3] [8] [12] [14] [16]  

Output impedance of 

amplifier 

Matches to 50 Ohms 

S11 <10 dB 

S22 <10 dB 

Noise of STO  ≈-94 dBm at central frequency [13] 

NF of STO ≈5.23 dB [13] 

NF of amplifier  <6dB 

* In this project, we target to design an amplifier with as high as possible gain (if possible else to 

65 dB) 

 

The specific gain, bandwidth, linearity, noise figure, etc. requirements will be 

discussed later in this chapter. 
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3.2 Cases under investigations 

The output power delivered by STO can be calculated according to Equation (3.4), 

proposed in [8].  

                    2

2

2

)1(
)( DCIR

R

R
Pout ⋅⋅

+
⋅

∆
=

β
β

                  (3.4) 

where β  stands for the ratio between the motional resistance R of STO and 

amplifier input impedance Zin. In order to maximize the power delivered to the 

amplifier, one should maximize magneto-resistance coefficient 
R

R∆
  and impedance 

matching ratio 
2)1( β

β
+

. Magneto-resistance coefficient is a property of a specific 

STO device and cannot be changed. Thus, only impedance matching ratio should be 

maximized. By calculating the derivative of impedance matching ratio, the maximum 

power delivery can be achieved when β =1. Thus, the impedance matching between 

the motional resistance and amplifier input impedance is needed. 

 

3.2.1. Small motional resistance case 

In [3], the motional resistance of STO is around 50 Ohms. In this type of STO devices, 

the input impedance of the amplifier should match 50 Ohms in order to obtain 

maximum power and minimum reflection. It should be stressed that the 

magneto-resistance coefficient is large, in another words, the high frequency term  

△R of motional resistance varies in a large range. Thus, the input impedance of the 

amplifier cannot be matched perfectly at any time. The losses and reflections due to 

impedance mismatch should also be taken into consideration [ 22 ]. The input 

reflection coefficient can be estimated by Equation (3.5). In practical case, the 

reflection can be measured in the form of S11. 

                            
in

in

ZR

ZR

+
−

=Γ                           (3.5) 

In this design, both the STO output impedance and amplifier input impedance are 

varying. Assume that the input impedance is purely resistive, then the Equation (3.5) 

can be rewritten as: 
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where Rdc is the DC term and △R is the high frequency term of STO resistance 

discussed in Chapter 2, Rin is the desired amplifier input resistance of 50 Ohm in a 50 

Ohms system and △Rin is the variation between practical input resistance of 

amplifier and the desired 50 Ohms. The resistance of STO is a function of the applied 

magnetic field and DC current and according to Table 3.1 it varies from several Ohms 

to hundreds Ohms. The MTJ STO provided in [3] has a 50 Ohms Rdc, which is equal 

to Rin, and Equation (3.6) can be rewritten as:                                                                                                                             
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=Γ
100

                       (3.7) 

In [3], △R is varied from -13 Ohms to +13 Ohms and the total variation of △

R is 26 Ohms. If we only consider the 26 Ohms variation of STO motional resistance, 

it leads to 0.206 reflection coefficient according to Equation (3.7). 

The return loss (RL) is the negative part of the magnitude of the reflection 

coefficient in dB and it is given by [23]: 

                       ||log20)( 10 Γ−=dBRL                       (3.8) 

In typical LNAs, the requirement of return loss is -15 dB to -20 dB[24], and the 

reflection coefficient calculated by Equation (3.8) is around 0.1. In high frequency 

LNAs, the requirement of reflection coefficient is 0.2 as  
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whose return loss is around -14 dB. The return loss of LNA for STO device in [3] is at 

least 0.206, which cannot meet the return loss requirement given by  
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=                       (3.10) 

due to the large variation of the STO motional resistance. Zin1 is the modified input 

impedance seen from the transmission line as shown in Figure 3.2. Vin is the RF 

signal of STO and Pin1 is the power obtained on Zin1 before the transmission line. 

The impedance mismatch brings in-band power loss as well. Equations 

(3.10)-(3.12) are the derivations of power loss:  
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11 outinloss PPP −=                          (3.12) 

where Zout1 is the impedance seen from the end of the transmission line and Pout1 is 

the power obtained at the end of bias-tee network as shown in Figure 3.2. 

 

 

 

Figure 3.2 Modified impedance matching 

 

Equation (3.12) indicates the power loss during energy transfer from the 

generated signal of the MTJ STO to the input of the amplifier as shown in Figure 3.2. 

In practical case, the power loss can be measured by spectrum analyzer at the 

output port when an input microwave signal is injected at the input port. 

 

3.2.2. Large motional resistance case 

One should notice that for large motional resistance case, the solution could be 

different. In ref [8], amplifiers with 50 Ohms input impedance and high input 

impedance are applied respectively when the output impedance of STO is up to 

several hundreds Ohms. Based on the comparison in [8], a proper power transfer from 

the STO to the amplifier requires the amplifier to exhibit sufficiently high input 

impedance. However, due to the large input impedance of amplifier, the reflection 

coefficient is increased. The larger reflection coefficient is harmful when taken the 

frequency hooping of STO into consideration because the reflected signal may 

modulate the current STO signal. The input impedance of amplifier will be discussed 

in Chapter 5. In [8], the STO device with large motional resistance is placed on the 

waveguide top and bottom electrodes and contacted by RF probes. The dominant 
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inductance of RF probes can be neglected and the output impedance of STO device is 

close to the varied motional resistance of STO. 

 

3.3 Amplifier Topology 

For the small motional resistance, there are many topologies that can be investigated. 

For instance, the broadband amplifier based on voltage-controlled current source with 

resistive feedback which matches both the input and output impedance as shown in 

Figure 3.3 and the low noise amplifier with matching networks as shown in Figure 3.4 

are possible topologies. However, since in this design a high gain amplifier with large 

bandwidth is required, both these topologies cannot meet the gain and bandwidth 

requirements at the same time. The broadband amplifier based on voltage-controlled 

current source with resistive feedback cannot obtain high gain and the amplifier with 

matching network and low noise figure cannot achieve wide bandwidth at the input. 

Furthermore, the practical resistors, capacitors and inductors make the matching 

network even harder at high frequency [25]. 

 

 

 

Figure 3.3 Broadband amplifier based on voltage-controlled current source with 

resistive feedback  

 

 

 

Figure 3.4 Low noise amplifier with matching networks at input and output  
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Therefore, the approach in this case is based on common gate (CG) stage, which 

has large bandwidth, as shown in Figure 3.5. The disadvantage of CG input stage is 

the poor noise performance, which requires special attention.  

 

 

 

Figure 3.5 Basic common-gate stage with capacitive coupling at input 

 

For large motional resistance, it seems that TIA (Transimpedance amplifier) is a 

good choice. It is suitable for gigahertz oscillators that use high-Q lateral 

micromechanical resonators with large motional resistance and large shunt parasitic 

capacitance. However, the output signal of STO is a voltage signal. Common source 

(CS) stage is well-known for its low noise performance. However, CS stages have 

lower bandwidth, which requires analysis of the trade-off between gain and 

bandwidth. Cascoded CS stage has better performance in gain and bandwidth, which 

is suitable in this case. 

The output signal of STO is unbalanced. In both small and large motional 

resistance cases, the first stage is responsible for gain, impedance matching, as well as 

unbalance-balance conversion. Balanced signal (differential pair) brings a lot of 

benefits. For example, differential pairs have higher immunity to “environment” noise, 

the current reuse technology can be applied, etc. There are several methods to convert 

the unbalanced signal into balanced signal. One method is to use external balun. 

However, it is expensive and there will be approximately 1.5 dB loss. A suitable 

method in the small motional resistance case is to use balun-LNA topology. In the 

later case of large motional resistance, single-to-differential cascoded CS stages can 

be used. 
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However, in both cases, the motional resistance (Rdc+△R) of STO varies in a 

large range. Thus, the design of impedance matching becomes tricky in such wide 

frequency range. 

Apart from the input stage, the following stages for both cases can be reused in 

both cases. 

According to the analysis of the amplifier requirements above, the input stage is 

a balun-LNA with impedance matching. The following stages are limiting amplifier 

and buffer. Both cascading and cascoding techniques are utilized due to high gain 

requirement. The amplifier must also exhibit a 50 Ohms output impedance and an 

acceptable noise figure. The output buffer is required to match the output impedance 

and convert the balanced output to single output for testing at the same time. The 

topology of the amplifier can be seen in Figure 3.6. 

 

 

Figure 3.6 Amplifier topology 

 

The gain assignment of each stage can be seen in Table 3.2. The input LNA 

stages require around 10 dB gain, which is not large. Much of the gain can be 

obtained in LA chain stage. According to the requirement in Table 3.1, around 45 dB 

gain is required in the LA chain stage because that the gain loss of impedance 

matching and design imperfection should be taken into consideration. However, the 

gain is not the larger the better because that the 1.2V power supply limits the output 
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swing then governs the gain. Ideally, output buffer should have an unity gain, which 

cannot achieve in practical. Thus, the gain of output buffer should be as closest to 

unity as possible. The bandwidth of each stage should be larger than 9GHz in order to 

achieve the entire bandwidth requirement. Moreover, the test results are always worse 

than simulation results, which requires redundancy of bandwidth. The linearity of the 

latter stages of the amplifier is crucial for the entire linearity of the amplifier. 

The >-10 dBm Output Third-Order Intercept Point (OIP3) of the latter stages makes it 

possible for dynamic range and intercept point requirements of PLL. On the contrary, 

the noise performance mainly depends on the first LNA stage. Based on the existing 

products of microwave amplifiers with 4-8 GHz frequency range, the possible 

maximum noise figure can be 5 dB [26]. Table 3.2 summarizes the amplifier 

requirements of each stage.  

 

Table 3.2.Amplifier requirements of each stage 
 

 gain BW OIP3 NF S11 S22 

LNA ≈10 dB >9 GHz - <5 dB <10 dB - 

LA ≈45 dB >10 GHz >-10 dBm 

 

- - - 

Buffer ≈0 dB >9 GHz - - <10 dB 

 

3.4 Summary 

Based on the summary of the state-of-the-art STO technology, requirements and 

amplifier topology for STO devices is proposed in this chapter. In the following 

chapters, the detailed amplifier design will be presented. 
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Chapter 4. Bias-tee and Current 

Source/Sink 

 

4.1 Bias-tee 

4.1.1 Bias-tee Operation 

Bias-tee is an essential part in RF circuits. It is widely used when a DC source must 

be injected to a RF signal path. DC source should have no influence on the RF 

transmission when a proper bias-tee is applied. In another words, the impedance of 

DC path should be large enough to prevent loading. Thus, three ports are needed for a 

normal bias-tee. They are DC port, RF port and mixed port. These three ports are 

characterized in term of input and output RF impedance matching, isolation between 

RF and DC ports, insertion loss, bandwidth, DC current handling, RF power handling 

and size [27]. Bias-tees are usually with 50 Ohms impedance matching at both RF 

input and output. Simple and common bias-tee can be designed with RC or LC 

architectures. In this project, two types of bias-tee are required. One is designed for 50 

Ohms system, while the other one is designed for high impedance. 

The choice of RC or LC architectures in Figure 4.1 is determined by the applied 

DC current. When a small DC current is injected (e.g. I < 10mA), RC architecture is 

used. In this case, the value of R should be much larger than 50 Ohms. This resistor 

can provide flat impedance over a wide frequency range compared to inductor [28]. 

For large current applications (e.g. I > 10mA), LC architecture is reasonable because 

that the voltage drop across R or power dissipation will be too large.  

 

 

 

Figure 4.1 Bias-tee architecture (a).RC architecture (b).LC architecture 
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Moreover, in the gigahertz systems, the low frequency cutoffs of bias-tees must 

be extended out into the megahertz domain or it should be down to 2 decades below 

the operation frequency. The low frequency cutoffs of bias-tee can be determined by 

Equation 4.1 and 4.2. 

)(2

1

RsCs
fo Π
=                            (4.1) 

LsCs
fo

Π
=

2

1
                           (4.2) 

The choices of Rs, Cs and Ls should fulfill the requirement introduced above. 

 

4.1.2 Transfer function 

The required DC current of STO varies from device to device. Thus, both large 

current and small current are possible in the STO applications. Correspondingly, both 

LC and RC architectures will be used.  

A formal analysis of the bias-tee transfer function requires the load to be 

included in the calculation. Thus, 50 Ohms and 1K Ohms loads will be considered in 

small and large motional resistance cases respectively in the following calculations.  

 

A. LC architecture  

The small signal path of LC bias-tee can be seen in Figure 4.2. Zin is the input 

impedance of amplifier.  

 

 

 

Figure 4.2 Bias-tee LC architecture 

  

The transfer function is: 
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The input impedance Zin of amplifier is matched to 50 Ohms and 1K Ohms in 

small and large motional resistance cases respectively. According to Equation (4.3), in 

order to obtain a transfer function of unity gain, it requires: 

    0
1

→
⋅SCs

                           (4.4) 

Therefore, Cs should be large enough to achieve unity gain and Ls should be 

much larger than Zin to prevent loading at high frequency.  

In practice, the input impedance of amplifier at high frequency is finite, which 

will be discussed in Chapter 5. 

 

B. RC architecture 

The small signal path of RC bias-tee can be seen in Figure 4.3.  

 

 

 

Figure 4.3 Bias-tee RC architecture 

 

The transfer function is: 
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As in the large DC current case, in order to obtain a transfer function of unity 

gain, it requires: 

0
1

→
⋅SCs

                             (4.6) 

According to Equation (4.6), Cs should be large enough, at the same time, Rs 

should also be much larger than Zin to prevent loading. 
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4.2 Biasing circuit and Current Source/Sink design 

As described in Chapter 3, a wideband amplifier is required for STO devices. 

Therefore, wideband bias-tee is required. 

Wideband bias-tees are relatively complicated to design. The reason is that the 

performance of bias-tee is heavily dependent on the parasitic inductance of DC 

blocking capacitor and parasitic capacitance of AC blocking inductor. Real inductor 

model and capacitor model can be seen in Figure 4.4[29]. Due to the parasitic 

capacitance or inductance, the applied inductor or capacitor should work under the 

Self-resonant frequency (SRF) to prevent oscillating. 

 

 

 

Figure 4.4 (a).Model of real inductor L (b).Model of real capacitor C 

 

4.2.1. Small motional resistance case 

Wideband bias-tees require large coupling capacitors Cs in order to reduce the effect 

on AC signal. The reactance Zs of this capacitor should fulfill the requirement of: 

                         Ω≤≈ 50
1

SC

S
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Z
ω

                        (4.7) 

where ωc is the cutoff frequency. 

The bandwidth requirement for STO amplifier is at least from 4 GHz to 8 GHz. 

According to the frequency cutoffs requirement in section 4.1.1., ωc should be lower 

than 2∏×200 MHz (200 MHz is 2 decades below 4 GHz). According to Equation 

(4.7), Cs should be larger than 15.9pF. For wideband bias-tees, the inductors must be 

large enough at the lowest required frequency. Ls is at least j500 Ohms at lowest 

frequency in this case of 4 GHz. Therefore, Ls is at least 19.89nH, which costs 

extensive on-chip area. In addition, the inductor must definitely look like an inductor 

at 8 GHz in this application. In another words, the shunt parasitic capacitance of large 
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inductor will cause the self-resonance at specific frequency and the SRF must be 

larger than 8 GHz. Apart from the self-resonance, this parasitic capacitance will also 

shunt the high frequency signal to ground. The loss of signal indicates the bias-tee is 

no more effective. Thus, the inductor is an uncertain element and a key issue in 

bias-tee. The inductor’s manufacture process will affect the circuit significantly. Apart 

from the parasitic effect of the inductor, it also brings non-linearity to the amplifier, 

which is in form of the third order intermodulation. One should also make sure that 

the RF choke should not degrade the third-order intercept point (IP3) of the device. In 

[28], several inductors in series are used to cover a wideband frequency. Moreover, 

extra circuits need to be used in wideband bias-tees to avoid the shunt path. Thus, a 

proper broadband bias-tee is a very complex network. 

The inductor or resistor can be replaced by transistor. By using the transistors, 

the bias-tee and current source/ current sink can be designed together. Note that it is a 

conventional biasing circuit, not bias-tee now. Current source/current sink is a critical 

part of STO device as explained in Chapter 2. In different STO devices, the injected 

DC currents are different. According to the analysis in Chapter 3, the DC current 

varies from 0.1mA to several milliamps. Several milliamps current source/current 

sink requires very large size transistors and high power supply. Apart from the large 

variation in DC current value, some of the STO devices need a current source while 

the others require current sink. Thus, a dual current source/sink topology as shown in 

Figure 4.5 is necessary and it calls for an up to 100uA high accuracy, large current 

handling capacity and low noise. In Figure 4.5, Port 1 is an AC/DC mixed signal port, 

which is the output of STO and the AC input of the bias-tee. Port 2 is the injected DC 

current source/sink, which should flow into Port 1. By controlling the gate voltage of 

the transistors, the dual current source/sink device is switched to current source or 

current sink asynchronously. Port 3 is the input of amplifier, which is the AC output 

of the bias tee. 
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Figure 4.5 Dual current source/sink and biasing topology 

 

Due to the relatively small Rds of transistors in 65nm CMOS process, to increase 

the output resistance, cascode topology is used as it can be seen in Figure 4.6. In order 

to prevent the signal shunting to ground through the capacitance of transistor, Cgs and 

Cds of transistors M0/M2 in Figure 4.6 should be small enough. The total impedance 

can be calculated by:  

                01000 ])(1[ dsdsdsmbmout RRRggR +⋅⋅++=                  (4.8) 

The impedance of Cgs and Cds should be much larger than 50 Ohms at highest 

operation frequency. Cgs and Cds should be less than 20 fF in order to reveal 

1KOhms impedance at 8 GHz. In order to relieve the voltage requirement of the 

transistor when a relatively large current is injected, a wide transistor M1 is needed. 

All the transistors are using double contact row in order to increase the current 

handling capacity. The schematic can be seen in Figure 4.6 and the transistors’ size is 

given in Table 4.1. 

The impedances of cascoded transistors, which are seen from AC & DC port in 

current source and current sink cases are given by the Smith Chart shown in Figure 

4.7, Z11 is given in Figure 4.8. 
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Figure 4.6 Biasing and current source/sink in small motional resistance case  

 

Table 4.1 Transistors’ size of biasing and current source/sink in small motional 
resistance case 

 

 M0/M1 M2/M3 PM0/PM1 PM2/PM3 

type N_12_LLLVTRF N_BPW_12_LLNVT P_12_LLLVTRF P_12_LLLVT 

L 60nm 200nm 60nm 120nm 

W_tot 24um 240um 32um 300um 

 

 

 

Figure 4.7 Impedance of biasing and current source/sink 
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Figure 4.8 Impedance Z11 of biasing and current source/sink 

 

In these figures, the impedance drops from 728.6 Ohms at 4 GHz to 395.4 Ohms 

at 8 GHz in current sink case and from 635.5 Ohms at 4 GHz to 369 Ohms at 8 GHz 

in current source case. Compared to the 50 Ohms STO, the AC blocking impedance is 

acceptable.  

The S-parameter analysis can be seen in Figure 4.9 (current sink case) and 4.10 

(current source case). The DC current handling capacity is 8mA in this design due to 

the supply voltage of 1.2V. In both current source and current sink cases, the lower 

the injected DC current is; the better the bias-tee performance is. However, in the 

current source case, the performance is worse due to the PMOS devices limitations.  

The S-parameter analysis given in Figure 4.9 (current sink case) and 4.10 

(current source case) is extremely necessary for the bias-tee network. S11 and S33 are 

the input and output return losses, which are always less than -17.5 dB at the required 

frequency when the injected DC current source is in the range of 0-2.5 mA and DC 

current sink is in the range of 0-8mA. S13 and S31 indicate the cutoff frequency fc, 

which is around 100 MHz, which is much less than required 200 MHz. The DC bias 

port isolation S12 is around -75 dB in both current source and current sink cases. The 

input of bias-tee (output of STO) and output of bias-tee (input of amplifier) nearly 

have no influence on DC port according to the S21 and S23.  
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Figure 4.9 S-parameter analysis of biasing and current sink 

 

From these simulation results it can be seen that the small current handling 

capacity has a maximum of 8 mA in current sink case and 2.5 mA in current source 

case, which cannot meet the current requirement in small motional resistance case of 

9 mA in [3]. This is mainly caused by the limitation of the supply voltage. 
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Figure 4.10 S-parameter analysis of biasing and current source 

 

4.2.2. Large motional resistance case 

The motional resistance of STO devices can be up to 1K Ohms. In this case, a bias-tee, 

which exhibits j10K Ohms in the required frequency range, is necessary. On-chip 

inductor is infeasible due to the large area and uncertainty. Several kilo Ohms resistor 

should be also avoided due to the DC current requirement and supply voltage. 

According to the simulation result in Figure 4.8, the cascoded MOS topology is also 

infeasible due to the small impedance at high frequency.  
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4.3 Summary 

Bias-tee/biasing for injected DC current is infeasible in 65nm process with 1.2V 

power supply in both small motional resistance and large motional resistance cases. 

Off-chip wideband bias-tee will be designed in the future work. 
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Chapter 5. Input Stage of Amplifier 

 

5.1 Input stage in small motional resistance case 

As described in Chapter 3, the balun-LNA is employed to meet the requirements. In 

order to reach a high gm of CG stage, which is equal to 20mS, a large product of W/L 

and drain current (ID) are required. One method is to increase the current ID, which 

results in smaller load and lower gain. The other method is to increase the ratio W/L 

of the input transistor, which causes that the Ft corner moves toward the direction of 

larger drain current. As a result, Ft is reduced when the current is small. In another 

words, the bandwidth will be reduced. Thus, there is a trade-off between gain and 

bandwidth. In a 65nm process, the small Rds should be also taken into account. 

Fortunately, the relatively small Rds relieves the requirement of gm in the input stage.  

Furthermore, the bond wire has high impedance, which causes inductive 

discontinuities. The inductive discontinuities lead to impedance mismatch and bring 

unwanted reflection. In order to match the input impedance to 50 Ohms, the bond 

wire should be taken into consideration along with the input stage. The lumped circuit 

model for bond wire can be seen in Figure 5.1 [30]. The parasitic capacitance and 

resistance can be regarded as constant with respect to the inductance value. R is 0.2 

Ohms and 0.3 Ohms for 15 and 25 mil wires respectively. The optimized L’ and C are 

0.05nH and 17.5 fF, respectively. L is dominant at high frequency. 

 

 

 

Figure 5.1 The lumped circuit model of bond wire 
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The free-space inductance L is given by Equation (5.1) [31] [32] [33]: 
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dd
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ll

l
l

l
l  (nH)        (5.1) 

where d and l (in microns) are diameter and length of the wire and C is 

frequency-dependent correction factor, which is a function of bond wire diameter and 

its material’s skin depth. A rule of thumb is that bond wires have an inductance of 1 

nH/mm [34]. Assume small die-attach area package is applied, approximate 1.5 nH to 

2 nH inductance is used in the model. Along with the parasitic capacitances of bond 

pad and Electrical Static Discharge (ESD) protection diodes, the approximate package 

model is given in Figure 5.2. The ESD protection diodes are embedded within the IC 

package. Total shunt capacitances are assumed 120 fF. 

 

≈

 

 

Figure 5.2 Approximate package model 

 

Based on the analysis above, the transistors’ size of input LNA can be seen in 

Table 5.1. 

 

Table 5.1. Parameters of the input transistors M0-3 
 

Transistor(s) M0 (current 

source) 

M2 M1, M3 

Transistor 

type 

N_12_LLLVT N_BPW_12_LLLVTRF N_BPW_12_LLLVTRF 

VDS 0.3 V 0.3 V 0.3 V 

IDS 1.223 mA 1.242 mA 1.907 mA 

L 180 nm 60 nm 60 nm 
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Transistor(s) M0  M2 M1, M3 

W 1.8 um 1 um 2 um 

NF 10 16 12 

W_tot 18 um 16 um 24 um 

gm 6.5 mS 9.36 mS 14.12 mS 

Rds 1187.8 Ohms 600.01 Ohms 393.31 Ohms 

Cgs 33.84 fF 10.03 fF 15.02 fF 

Cgd 4.13 fF 3.97 fF 5.91 fF 

Cds 0.27 fF 2.11 fF 3.18 fF 

Cdb 0.07 fF 0.07 fF 0.10 fF 

Vgs 0.7028 V 0.6 V 0.6 V 

Intrinsic 

gain 

7.72 5.61 5.55 

 

In this case of small motional resistance, CG (M2) and CS stages (M1) are used 

as input stage as shown in Figure 5.3. The CG stage achieves wideband input 

impedance matching while the CS stage generates an anti-phase output signal [35]. 

CS stage is cascoded (M3) in order to achieve a high voltage gain via R1. Cascoded 

CS also helps to reduce the Miller effect, which leads to larger bandwidth.  

 

 

 

Figure 5.3 CG-CS balun-LNA – input stage 
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Noise performance is improved [36] thanks to the introduction of cross-coupling 

Cc1/Cc2 (1 pF) as shown in Figure 5.3. The noise figure of CG stage without 

cross-coupling capacitor can be written as: 

kTR

RInVn
NF

4

)(
1

2
⋅+

+=                       (5.2) 

where R refers to the source impedance, which is the motional resistance of STO, Vn 

is the input referred noise voltage and In is the input referred noise current. The gate 

noise of CG stage is insignificant. Neglecting the effect of gate noise of CG stage, the 

noise figure can be re-written as: 
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where α  and γ  are bias-dependent parameters: α  is the ratio between the voltage 

signal obtained at the input of amplifier and the voltage source generated by STO 

devices, γ  is the coefficient, which depends on the channel-length of the transistor. 

Equation (5.3) can be re-written as: 
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where gm in (gm·R) product is replaced by effective transconductance Gm because 

that noise figure changes as Gm changes. In the conventional CG stage, the effective 

transconductance is equal to gm. If the effective Gm can be increased, the noise figure 

will be reduced. Thus, a feedback with gain Afb is required. The noise performance 

improvement requires a passive component, which will not introduce extra noise into 

the CG stage. Thus, the method of cross-coupling capacitor is introduced. As shown 

in Figure 5.3, Afb can be calculated as: 

gs

fb
CCc

Cc
A

+
=                          (5.5) 

If Cc is large enough compared to Cgs, Afb is nearly to unity. The effective Gm 

with cross-coupling capacitor is: 

gmAGm fb ⋅+= )1(                        (5.6) 

The noise figure in this case can be derived based on Equation (5.4): 
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In order to keep the impedance matching, Gm should match to R. Thus, gm is 

two times smaller than that with cross-coupling capacitor, which relieves the 

requirement of gm as well.  

Equation (5.7) can be re-written as: 
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From Equation (5.8), one can find that the noise performance is better compared 

to Equation (5.3). 

In addition, this capacitive cross-coupling technique helps to boost the transistor 

transconductance, which results in gain boosting at the same time. The effective 

transconductance is doubled according to [37]. Furthermore, the power consumption 

is reduced due to the lower transconductance gm. 

The CG stage will be biased by the current source M0. The transistor size of 

current source M0 should also be small enough to avoid the parasitic effect. Note that 

the current source should have a large Rds to reduce the common mode disturbance. 

R0, R1 are chosen to be 500 and 325 Ohms respectively in order to obtain same gain 

on both branches. Cout is a DC blocking capacitor. Inductive peaking is introduced by 

inductor I0 to increase the bandwidth. Equation (5.9) gives the ratio between two time 

constants RC and L/R: 

RL

RC
m

/
=                              (5.9) 

According to Equation (5.9), when m=2, it has the significant bandwidth 

enhancement without excessive frequency response peaking [38]. Thus, the inductor 

I0 is chosen to be 3 nH and m is 1.76 in this case.  

The input impedance can be estimated by using the parameters in Table 5.1 and 

Equation (5.10):  

2

1
//// 20
gm

RRRin dsds=                      (5.10) 

where Rds0 and Rds2 are 600 Ohms and gm2 is 9.3mS. The calculated input impedance 

is around 91 Ohms. The input impedance with the bond wire effect can be verified by 

using Z11 and Smith Chart as shown in Figure 5.4. In the figure, one can see that the 
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normalized input impedance is close to unity in Smith Chart. As the frequency 

increases, reactance tends to be inductive, which indicates the inductance of bond 

wire is dominant at high frequency. The input impedance matching can be 

characterized by S11, which is always lower than -11.5 dB in the required frequency 

range 4-8 GHz as shown in Figure 5.5, which means that the input impedance 

matching meets the requirement given in Chapter 3. 

 

 

 

Figure 5.4 Input impedance of the balun-LNA 

 

 

 

Figure 5.5 S11 of the balun-LNA 
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The biasing circuit for Vb1,Vb2 and Vb3 can be seen in Figure 5.6. They are 

biased by the current mirrors. The entire current mirror is not drawn in Figure 5.6. 

The transistors size of biasing circuit can be seen in Table 5.2. Due to the channel 

length modulation, the current source M0 in Figure 5.3 cannot accurately copy the 

current from M3 in Figure 5.6. Thus, R1 of 444 Ohms is employed in order to reduce 

the impact of channel length modulation.  

 

 

 

Figure 5.6 Biasing circuit for CG-CS balun-LNA – input stage  

 

Table 5.2 Parameters of the biasing transistors M1-M3 
 

Item M1 M2 M3 

Transistor type N_12_LLLVT N_12_LLHVT N_12_LLRVT 

W 4 um 2.4 um 2.7 um 

L 500 nm 500 nm 500 nm 

NF 10 10 10 

W_tot 40 um 24 um 27 um 

 

A total 25 fF capacitive load, which represents the total output capacitance and 

the input capacitance of the coming stage (switch), is added at the output. The total 

AC gain is up to 14.23 dB (with bonding wire model and 50 Ohms source impedance) 

at 2.8 GHz with 0.1-11.65 GHz bandwidth, which is shown in Figure 5.7. There is a 

gain mismatch of maximum 0.7dB at 11.65GHz between CG and CS branches. From 

this result, it can be concluded that the proposed input stage has a slight gain 

imbalance. 
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Figure 5.7 Gain of balun-LNA with same gain at CG and CS branches 

 

Thanks to the introduction of balun, the differential output pair helps to reduce 

considerably the noise when CG is employed. The input referred noise of the whole 

LNA stage is given in Figure 5.8 (a). Compared to the single CS and CG stages, a part 

of noise is cancelled by the differential pair. At 5 GHz, the input referred noise is 

around 766pV/sqrt(Hz). In Figure 5.8 (a), it can be seen that the noise figure is less 

than 4.8 dB in required frequency range which meets the requirement presented in 

Chapter 3. The noise figure in Figure 5.8 (a) is taken out to compare with that without 

capacitive cross-coupling technique. Figure 5.8 (b) presents the noise performance 

improvement when capacitive cross-coupling technique is used. The noise figure is 

improved more than 1 dB in the required frequency range. 

 

 

Figure 5.8(a) 
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Figure 5.8(b) 

 

Figure 5.8 Noise performance of LNA (a). The input referred noise and noise figure 

(b). Noise figures with and without capacitive cross coupling 

 

Compared with [35], higher noise figure in this case is because this topology 

suffers from a trade-off between noise performance and source impedance matching. 

In [35] [39], the noise cancellation technique is proposed based on the negligible 

noise generated by other transistors except M2 in Figure 5.3. It requires large sizes of 

other transistors except M2, which results in less than 6 GHz bandwidth in [35] [39]. 

Due to the bandwidth requirement, the sizes of all transistors in this case should be 

small. Thus, the noise generated by transistors M0 and M1 can not be neglected 

anymore, which makes the noise cancellation extremely hard. The most dominant 

noise contributors are: 1) external resistor for thermal noise enhancement of transistor 

M1 in Figure 5.3; 2) the thermal noise of current source transistor M0 in Figure 5.3; 3) 

the thermal noise of M1. The first noise contributor cannot be eliminated or reduced 

because it depends on the process. The second and third noise contributors can be 

reduced by using large transistors, which increase the parasitic capacitance at the 

input and indirectly reduce the gain and bandwidth. Reducing the bias current can 

help to reduce the second noise contributor too. But this is also at the cost of reduction 

of gain. The gain reduction of the input stage will affect the total noise figure of the 

amplifier. In order to obtain enough gain in the input stage, the load resistor should be 

increased, which will reduce the bandwidth and also increase the noise of the load 

resistor. To conclude, there is a trade-off between the noise performance and 
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requirements of gain and bandwidth. The requirements of noise cancellation in this 

design include: no compromise of the source impedance matching and no feedback 

which may cause instability and gain loss. In addition, the output signal of CG stage 

and cascoded CS stage should be balanced. In [40], on-chip transformer is used to 

improve the noise performance, which costs large on-chip area. In some specific 

topologies, a method that utilizes the different sign for noise and signal is used [41], 

which is also applicable in this case. Based on this method and [35], a scaling factor n 

can be used to improve the noise performance. The scaling factor n is referred to the 

ratio between the W/L of CS transistor and that of CG transistor. The noise figure 

decreases as n increases. At the same time, the gain also increases as n increases. 

However, as n increases, the gain mismatch is also increasing due to the increasing 

gain of CS and constant gain of CG. In this case, the scaling factor is chosen to be 1.5 

with a good trade-off between gain matching and noise performance. The scaling 

factor cannot be increased further in this design due to the gain and bandwidth 

requirements. The NF can be reduced further in this design by increasing the fingers 

of the transistors, which is also at the cost of slight bandwidth shrinking due to the 

increasing parasitic effect. 

The source stability circle (SSB) presented in Figure 5.9 illustrates the boundary 

between values of source impedance that cause instability and values without 

instability. In a 50 Ohms impedance system, the center of the normalized Smith Chart 

is in the stable region. The unstable regions in the required frequency range can be 

seen as Figure 5.9. From the figure, one can see that all the circles resides completely 

outside the 1|| =Γs  region, which indicates it is unconditionally stable in required 

frequency range. 

The stability and gain can also be verified by the transient analysis as it can be 

seen in Figure 5.10. The voltage gain of 16 dB can be calculated from Figure 10(b) 

and Figure 10(e), which is verified by Figure 5.7 with 14.23 dB gain. 
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Figure 5.9 Source Stability Circle of the LNA 

 

 

 

Figure 5.10 Transient analysis of input stage (a). A 1mVpp test signal at input port. 

(b). The signal 1.5mVpp at the input of amplifier, after bonding wire. (c),(d). The 

output signal of CG and cascoded CS branches respectively. (e). The differential 

output signal 9.765mVpp 
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A figure of merit of linearity is third-order input intercept point (IIP3). Two-tone 

test is applied to calculate the IIP3 of the CG-CS LNA with two tones at 5GHz and 

5.02 GHz. IIP3 is -3.5 dBm as shown in Figure 5.11. 

 

 

 

Figure 5.11 IIP3 of CG-CS LNA 

 

5.2 Input stage in large motional resistance case 

As described in the Chapter 2, the single-differential CS input stage is employed in 

this case. A resistor of 1K Ohms represents the large motional resistance at the source. 

The dominant pole in the CS stage is the output node. If the load resistor is large to 

achieve a high gain, the pole at the output node will be close to axis, which indicates 

that the bandwidth will shrink. CS stages have acceptable gain while the bandwidth 

cannot meet the requirement. Therefore, the CS stages are cascoded to reduce the 

Miller effect, hence to increase the bandwidth. The proposed input stage is shown in 

Figure 5.12.  
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Figure 5.12 Cascoded CS input stage 

 

The differential pair is biased by the current source. A modification is required 

based on the conventional single-differential cascoded CS stage to relieve the size 

requirement of the current source transistor M0. A large size current source transistor 

M0 is required to reduce the common mode disturbance. However, the parasitic 

capacitance will shunt the signal to ground in single-differential stage. For this reason, 

a modification is proposed to provide a reversed sign of input signal. Due to the fact 

that signal obtained at node X is close to input signal (gain is close to unity) and the 

sign is opposite, the signal of node X can be transferred to the other branch of the 

differential pair. However, node X suffers from a large parasitic capacitance, which 

will be the dominant pole and will shrink the bandwidth. Reducing the transistors 

sizes of M1-M4 in the signal path can help to keep the bandwidth, at the price of 

reduction on gain. The parameters chosen for transistors in cascoded CS stage are 

listed in Table 5.3. 

 

Table 5.3 Parameters of the transistors of cascoded CS input stage 
 

Item M1-M4 M0 

Transistors type N_BPW_12_LLLVTRF N_12_LLLVT 

VDS 0.3 V 0.3V 
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Item M1-M4 M0 

IDS 1.074 mA 2.15mA 

L 60 nm 500nm 

W 2 um 10um 

NF 8 12 

W_tot 16 um 120um 

gm 8.66 mS 15.65 mS 

Rds 662.89 Ohms 1150.41 Ohms 

Cgs 9.46 fF 589.43 fF 

Cgd 3.66 fF 26.42 fF 

Cds 2.03 fF 0.74 fF 

Cdb 0.07 fF 1.41 fF 

Vgs 0.58 V 0.597 V 

Intrinsic gain 5.74 18.01 

 

In Figure 5.12, the load resistors R0 and R1 are 247 Ohms. The inductor is 

chosen to be 1.5 nH in order to achieve the maximum bandwidth without excessive 

frequency response peaking. 

Vb2 of the input stage is biased to 0.9V by current mirror as shown in Figure 

5.13. The entire current mirror is not drawn in Figure 5.13. The transistor sizes of the 

biasing circuit can be seen in Table 5.4.  

 

 

 

Figure 5.13 Biasing circuit for Cascoded CS balun-LNA  
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Table 5.4 Parameters of the biasing transistors M1-2 
 

Item M1 (current source) M2 

Transistor type N_12_LLLVT N_12_LLHVT 

W 3 um 2.4 um 

L 500 nm 500 nm 

NF 8 10 

W_tot 24 um 24 um 

 

The maximum total AC gain is approximately 8.4 dB (≈2.63) at approximately 

1 GHz with 0.05-9 GHz bandwidth when 1K Ohms source impedance is employed 

and it is 9.1dB (≈3) with 0.05-16 GHz bandwidth when 50 Ohms source impedance 

is added, as it can be seen in Figure 5.14. The bond wire model is not taken into 

consideration in this case. The input port will be connected to the RF probe pad, 

where the dominant inductance can be neglected. When the input port is connected to 

the bond wire, the input impedance will drop severely as shown in Figure 5.15. At 5 

GHz, due to the bond wire effect, the input impedance is around 120 Ohms, which is 

much smaller than motional resistance of STO. The signal obtained at the input of 

amplifier is a very small portion of the signal generated by STO. Furthermore, the 

unwanted reflections increase and the noise performance deteriorate sharply. As in ref 

[8], the STO device with large motional resistance, which requires high input 

impedance amplifier, is connected via RF probe pad as well. Thus, STO device can be 

placed very close to the input of the amplifier and connected together via RF probe 

pads.  

As shown in Figure 5.16, the input impedance of cascoded CS stage drops from 

1.91K Ohms at 4 GHz to 1K Ohms at 8 GHz.  
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Figure 5.14 AC responses of cascoded CS stage  

 

 

 

Figure 5.15 Input impedance with bond wire effect at 5 GHz 

 

 

 

Figure 5.16 Input impedance of the cascoded CS stage  



Chapter 5. Input Stage of Amplifier 

- 51 - 

The noise performance can be seen in the Figure 5.17. The input referred noise 

of balun-LNA input stage in large motional resistance case (1K Ohms motional 

resistance) is around 2.5 nV/sqrt(Hz). The noise figure is less than 2.3 dB in the 

required frequency range of 4-8 GHz. Comparing the noise figure of the cascoded CS 

stage with the CG-CS stage, the noise performance is much better in cascoded CS 

stages.  

 

 

 

Figure 5.17 Noise performances of cascoded CS stages  

 

Finally, the transient analysis is carried out to verify that the LNA is working 

properly. 1mVpp test signal is applied, about 1.5mVpp is obtained at the input of the 

amplifier due to the signal reflection as it can be seen in Figure 5.18(a). The gain can 

be calculated from Figure 5.18, which is approximate 9 dB when 1K source 

impedance is used. This is verified by Figure 5.14 with 8.4 dB gain. In Figure 5.18 (c) 

and (d), one can see that there is only a slight gain mismatch between two branches. 

The small motional resistance case is only applicable for STO devices with 

around 50 Ohms motional resistance. When a STO device with larger than 50 Ohms 

motional resistance is applied, the large motional resistance case should be applied. 

Moreover, it is important to use 50 Ohms motional resistance in the simulation to 

compare the simulation results with that of other works with 50 Ohms source 

impedances. Thus, the lower limit of input impedance for large motional resistance 

case is 50 Ohms, and the upper limit is 1K Ohms due to the input impedance dropping 

of cascoded CS stage. Both of the lower limit and upper limit of motional resistances 
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are used in the IIP3 simulation. The IIP3 in this case is -3.5 dBm when the motional 

resistance is 50 Ohms and it is -13.5 dBm when the motional resistance is 1K Ohms, 

which is given in Figure 5.19. 

 

 

 

Figure 5.18 Transient analysis of cascoded CS stages (a). A 1.5mVpp signal obtained 

at the input of amplifier when 1mV test signal is applied. (b). (c). 2.2mVpp signals 

obtained at positive and negative outputs. (d). The 4.3mVpp differential output signal 

 

 

 

Figure 5.19 IIP3 of cascoded CS LNA 
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In order to analyze the performance of proposed LNAs, comparisons of the 

proposed LNAs and state-of-the-art LNAs and Baluns are given in Table 5.5. The 

LNAs proposed in this design are competitive in bandwidth, power consumption, 

noise performance and balun integration as shown in Table 5.5. In this work, 25 fF 

capacitive load is applied during the simulation. This 25 fF capacitive load is 

composed of the total output capacitance of the LNA stages, the total input 

capacitance of the next stage and the parasitic capacitance of DC blocking capacitors. 

What should be stressed is that this work is specific for two types of systems: 50 

Ohms system and High-Z system (1K Ohms). 

 

Table 5.5 Comparison of the proposed LNAs with state-of-the-art LNAs and Baluns 
 

Ref Freq. 

Band 

[GHz] 

NF 

[dB] 

Gain 

[dB] 

IIP3 

[dBm] 

 

Power 

[mW] 

Proc. 

Vsupply 

Balun

? 

Gain 

imbal. 

[dB] 

This work 

(50 Ohms) 

0.1-11.65 

 

5.2 

 

14.23 -3.5 at 

5GHz 

6.3 65nm 

1.2V 

YES <0.7 

This work 

(1K 

Ohms) 

0.05-9 

 

3.13 

 

8.4 -13.5at 

5GHz 

4.1 65nm 

1.2V 

YES <0.45  

[35] 

JSSC 

2008 

0.2-5.2 3.5 13- 

15.6 

0 21 65nm 

1.2V 

YES <0.7 

[42] 

RFIC 

2009 

0.5-5.6 4.3 30* 

(core: 

19)* 

-24 

(core: 

-12) at 

4 GHz 

19 

(core: 

8) 

130nm 

1.2V 

YES N/A 

[43] 

MTT-S 

2005 

0.8-2.5 4 -4 high passive 

balun 

180nm 

- 

YES <0.4 

[39] 

JSSC 

2006 

0.8-6 3.5 18-20 -3.5 12.5 90nm 

2.5V 

YES >6 
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Ref Freq. 

Band 

[GHz] 

NF 

[dB] 

Gain 

[dB] 

IIP3 

[dBm] 

 

Power 

[mW] 

Proc. 

Vsupply 

Balun

? 

Gain 

imbal. 

[dB] 

[44] 

JSSC 

2004 

2.3-9.2 7 9.3* -6.7 at 

6 GHz 

9 180nm 

- 

NO N/A 

[45] 

ISSCC 

2006 

0.5-8.2 2.6 25 -4/-16 42 90nm 

2.7V 

NO N/A 

[46] 

JSSC 

2006 

0.04-7 6.2 8* 3 at 2 

GHz 

9 180nm 

- 

NO N/A 

* present in S21 

 

Based on the comparison in Table 5.5, the proposed LNAs in this work have 

larger bandwidth while the power consumption is much lower than other LNAs. 

Besides, two proposed LNAs have competitive noise performance and linearity in 

such wideband. In addition, compared with [44]-[46], active baluns are integrated 

with LNAs to avoid the external passive baluns. Furthermore, compared with [35] 

who used the same CMOS process, proposed CG-CS LNA in this work is superior in 

gain and bandwidth product.  

 

5.3 Switch 

In order to reuse the following stages, switches are necessary in this design. A 

transistor is employed as a switch and it is working in deep triode region, where the 

linear resistor is given by [47]: 

)(

1

THGSoxn VV
L

W
C

Ron

−
=
µ

                   (5.11) 

The gate of the transistor is used as control port, which is connected to 1.2V 

supply voltage when it is on and to ground when it is off. In order to reduce the 

voltage drop and noise contribution of transistor, the ratio W/L should be maximized. 
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However, the parasitic capacitance is the killer at such high frequency. Thus, it is a 

trade-off here between bandwidth and switch performance. 

The size of the transistor is 12um/60nm with 12 fingers. The gds and Rds 

characteristics of chosen transistor can be seen in Figure 5.20. When Vds is 0, the Rds 

is around 38 Ohms. As the ratio of W/L increases, Rds decreases. The switch in this 

case slightly degrades the amplifier performance of bandwidth and noise. 

 

  

 

Figure 5.20 gds vs. Vds and Rds vs. Vds characteristics of switch transistor 

 

5.4 Summary 

Two balun-LNAs were proposed for the input stages of amplifier: CG-CS LNA, 

which is suitable for small motional resistance case, and cascoded CS LNA, for the 

large motional resistance case. The two LNAs proposed in this design are competitive 

in bandwidth, power, noise performance and input balun. However, CG-CS stage has 

inferior noise performance compared to other topologies, which can be investigated 

further. 

The gain requirement as discussed in Chapter 3 is larger than 45 dB. The voltage 

gain obtained in the input stages is far from enough. Thus, limiting amplifier will be 

employed to achieve the gain requirement. 
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Chapter 6. Limiting amplifier 

 

6.1 Limiting amplifier 

Due to the low output level of STO, an amplifier with large gain is required. A 

cascade of several amplifier stages can be used to achieve the high gain. In such 

cascade topology, each stage should exhibit high linearity, large bandwidth and large 

gain. Limiting amplifier (LA) is employed to meet the requirements. LA is a cascade 

of broadband gain stages, which is implemented in an open-loop configuration [48]. 

Open-loop amplifier suffers from nonlinearity issue [47]. Fully differential topology 

should be employed to eliminate the even-order harmonics, which results in better 

linearity. LA has advantages, such as, easier design, low supply voltage, low power 

consumption, good noise performance, etc [49]. Assume that each stage of LA has a 

bandwidth of BW, the relationship between BW and the total bandwidth BWtot of 

cascaded stages can be calculated by [50]: 

                      m nBWBWtot 12 /1 −⋅=                        (6.1) 

where n is the number of identical stages, m is 2 for first-order circuits and 4 for 

second-order circuits. 

The total bandwidth requirement in this project is 8 GHz, then the total 

bandwidth of LA should be at least 10 GHz. The gain of each stage cannot excess 10 

dB at such high frequency due to the large output conductance in 65 nm process. 

Besides, for a large number of stages, noise will be accumulated rapidly. According to 

[51], n should be lower than 5 when a good noise performance is needed in the design. 

Thus, 5 stages are needed for LA. According to Equation (6.1), BW per stage should 

be at least 16 GHz when 5 stages of second-order circuits are required. 

Assume that the gain-bandwidth product per stage can be represented by GBW, 

the relationship between GBW and total gain-bandwidth product GBWtot of cascaded 

stages can be expressed as: 

m nnAtot

GBWtot
GBW

12 /1)/11( −⋅
=

−
                    (6.2) 
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where BWtotAtotGBWtot ⋅=  and BWAtotGBW n ⋅= /1 . 

An around 50 GHz GBW is required when a 10 GHz total bandwidth and 50 dB 

gain are needed. Approximately 10 dB (≈3.125) gain is required per stage. However, 

the performance in practical is much worse. It is hard to obtain 10 dB per stage in 65 

nm process due to the large output conductance and low intrinsic gain. In order to 

achieve higher gain, the load resistor should be large enough, which leads to narrow 

bandwidth. The trade-off between bandwidth and gain will be discussed further 

considering the case studies in section 6.2. In addition, the optimal LA approach will 

be proposed in section 6.3. 

 

6.2 Case studies 

6.2.1 Cascaded LA using CS stages 

The choices of amplifier topologies are limited due to the low supply voltage in 65nm 

process. First, the simplest LA topology, which is composed of several CS stages, is 

considered. The schematic can be seen in Figure 6.1. The load capacitance is not 

shown in the following schematics, but a 20 fF capacitive load (the total parasitic 

capacitance at output node) is taken into consideration during the simulation. The load 

resistors R0 and R1 are 600 Ohms in order to obtain high gain. The CS stages are 

biased at 1mA. Due to the bandwidth requirements, only the NMOS solutions are 

feasible. 

 

 

 

Figure 6.1 CS stage of Limiting amplifier 
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The AC simulation results of single CS stage and 5 cascaded stages can be seen 

in Figure 6.2. According to the Equation (6.1), 8 GHz total bandwidth can be achieved 

when the bandwidth of single CS stage is around 18.56 GHz. However, the 

imperfections of the process degrade the performance of the amplifier severely as it 

can be seen in Figure 6.2. The total gain of 5 cascaded stages is around 41.25 dB and 

the bandwidth is only 5.6 GHz, which cannot meet the bandwidth requirement. 

 

 

 

Figure 6.2 Simulation result of CS stage  

 

In this LA, composed of 5 CS stages, Miller effect is the dominant reason of 

bandwidth shrinkage. Methods should be proposed to mitigate or eliminate Miller 

effect. In section 6.2.2 and 6.2.3, two methods will be proposed to mitigate Miller 

effect. 

 

6.2.2 Cascaded LA using CS stages with negative Miller 

capacitors compensation 

Negative Miller capacitor is often used in LNA compensation to enhance the 

bandwidth. The CS stage is compensated by using a cross-coupled capacitor between 

the input and output of the stage. The negative Miller capacitors introduce a peaking 

at the required frequency range, at the same time increase the input transconductance 

[52], which will increase the gain. The mechanism of the negative Miller capacitance 

is the reduction of effective capacitive load [48]. The single CS stage with negative 



Chapter 6. Limiting amplifier 

- 59 - 

Miller capacitors can be seen in Figure 6.3. However, it degrades the linearity and 

causes the stability issue in cascading limiting amplifiers.  

 

 

 

Figure 6.3 CS stage with negative Miller capacitors compensation 

 

The compensation effect of negative Miller capacitors can be seen in AC 

simulation result in Figure 6.4. The gain-bandwidth product increases due to the 

peaking introduced by negative Miller capacitors. The gain is up to 52 dB while the 

bandwidth is around 13 GHz when 5 stages are cascaded. However, the issue behind 

this satisfactory result is instability, which is dangerous in LA. The circuit may 

oscillate in the desired frequency range, and the cascaded stages act as a ring 

oscillator.  

 

 

 

Figure 6.4 Simulation result of CS stage with negative Miller capacitors compensation  
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6.2.3 Cascaded LA using cascoded CS stages 

Cascoded stages can help to reduce the Miller effect, which results in larger 

bandwidth. In addition, Cascoded CS stage achieves a higher voltage gain via the load 

resistors compared with CS stage. Gain is increased due to the higher output 

impedance. In CS stage, the dominant pole is at the output node. In order to alleviate 

the effect caused by the dominant pole, the load resistors should be reduced. However, 

the gain will be reduced as the load resistors reduce. A large bias current is needed to 

compensate the gain loss.  

 

 

 

Figure 6.5 Cascoded CS stage  

 

The AC simulation result can be seen in Figure 6.6. The gain is decreased 

slightly compared with the CS stage while the bandwidth is around 6 GHz which is 

larger than that of CS stage. The relationship between the bandwidth per stage and the 

total bandwidth is in accordance with Equation (6.1). However, the bandwidth of 6 

GHz cannot meet the requirement of 8 GHz (at least 8 GHz, but excessiveness of 

bandwidth is strongly needed). Methods to further enhance the bandwidth are 

required. 
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Figure 6.6 Simulation result of cascoded CS stage of Limiting amplifier 

 

6.2.4 Cascaded LA using current mirror 

In a basic current mirror, the relationship between mirrored current and reference 

current can be written as Equation (6.3) when neglecting the channel-length 

modulation.  

Iref
LW

LW
Iout ⋅=

1

2

)/(

)/(
                       (6.3) 

where Iout is the mirrored current and Iref refers to reference current. 

By choosing the suitable size of transistors, the current mirror can be used as 

wideband limiting amplifier. In order to meet the bandwidth requirement, the 

transistors that compose the current mirror should be small in sizes. The current 

mirror can be seen in Figure 6.7. The ratio between PM1 (PM3) and PM2 (PM4) is 

chosen 2. PM1 and PM2 are very small transistors. 

 

 

 

Figure 6.7 Current mirror stage  
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The AC simulation result of one current mirror stage of LA can be seen in Figure 

6.8, whose bandwidth is only 14.26 GHz. According to Equation (6.1), the total 

bandwidth of 5 cascaded current mirror stages cannot meet the bandwidth requirement 

of 8 GHz. 

 

 

 

Figure 6.8 Simulation result of current mirror stage  

 

6.2.5 Topology discussion 

Based on the topologies discussed above and proposed in other works, the summary 

of possible LA stage topologies can be seen in Table 6.1, where bandwidth, gain and 

drawbacks are mainly concerned. It can be concluded from the simulation results that 

cascaded stages using basic topologies cannot meet the requirements of gain and 

bandwidth. Thus, bandwidth enhancement techniques should be employed. The 

common bandwidth enhancement techniques are given in Table 6.1, one or some of 

which will be combined with the basic topology to enhance the bandwidth. 

 

Table 6.1 Summary of LA stage topologies 
 

Topologies Bandwidth Gain Drawback 

 

Basic  

topology 

CS stage − − / 

Cascoded CS stage + + Low linearity 

Current mirror stage − − / 
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Inverter stage − + / 

 

 

 

 

 

Bandwidth 

enhancement 

techniques 

 

 

 

 

 

Negative Miller 

capacitors compensation 

+ + Instability and 

Capacitance 

mismatching 

Inductive peaking [38] ++++ ++++ Large area 

Capacitive degeneration 

[38] 

+ − Gain 

reduction 

Cherry-Hooper [48] + − Gain 

reduction and 

Low voltage 

headroom 

Active feedback [51] + + Relatively 

high 

complexity 

+ — good 

−. — poor 

 

6.3 Limiting amplifier Design for STO amplifier 

The low supply voltage (1.2V) limits the feasible LA topologies. Based on the 

summary of LA in Table 6.1, Cascoded CS stage will be employed in this design for 

its double benefits of large gain and large bandwidth. Besides, according to the 

linearity requirement presented in Chapter 3, CS stage will also be used in latter LA 

stages in this design for its larger output swing compared to cascoded CS stage. Apart 

from the benefit of large output swing, CS stage can also bring the benefit of saving 

area because the inductive peaking technique is not necessary. Inverter stage has 

largest output swing and best linearity among basic topologies. However, it is hard to 

be cascaded due to the large parasitic capacitance, which results in small bandwidth. 

According to the comparisons between different bandwidth enhancement techniques, 

the negative Miller capacitors compensation should be avoided mainly due to 

instability issue. Inductive peaking can enhance the bandwidth efficiently at the price 

of large silicon area. Capacitive degeneration and Cherry-Hooper should also be 

avoided because the bandwidth enhancement is at the cost of gain reduction. In [51], 
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the considerable bandwidth of 9.4 GHz is based on the combination of 

active-feedback, inductive peaking and negative Miller capacitor. Apart from the 

instability issue of negative Miller capacitor, more transistors are employed to form 

the active-feedback topology to enhance the bandwidth. Considering the trade-off 

between bandwidth and gain, cascoded CS stages with inductive peaking is the 

optimal technique in this design. Compared with [51], this topology requires fewer 

transistors, lower power and does not cause instability. The cascoded CS stages 

increase the gain slightly due to the larger output impedance, while they also increase 

the bandwidth due to the suppression of Miller effect. Inductive peaking is introduced 

to provide an impedance component that increases with frequency. The synthesizing 

response of cascoded CS stage and inductive peaking can be seen in Figure 6.9. 

 

 

 

Figure 6.9 Synthesizing wideband frequency responses 

 

With the help of current tail, the large common mode disturbance can be rejected 

in differential pairs. However, the current tail reduces the voltage headroom, followed 

by gain reduction. Thus, 6 stages maybe needed to meet the gain requirement. 

However, the noise should be carefully considered when more than 5 stages are 

employed. 

The cascoded CS stage is shown in Figure 6.10. As the balun-LNA of large 

motional resistance case presented in Chapter 5, the noise performance of this 

topology is acceptable compared to other topologies.   

R0 or R1 is 300 Ohms. I0 is 1.5 nH inductor in order to obtain significant 

bandwidth enhancement without excessive frequency response peaking. 
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Figure 6.10 LA cell 

 

Transfer function gives insight into the circuit behavior that can be used for 

synthesizing the wideband frequency response of the circuit. The transfer function of 

output node impedance can be written as [38]:  

1

]1)/[(1
//)()(

2 ++
+

=+=
sRCLCs

sRLR

Cs
RLssZ                  (6.4) 

based on the model in Figure 6.11. 

 

 

 

Figure 6.11 Model of inductive peaking compensation 

 

The transfer function can be derived based on the simplified model of LA cell in 

Figure 6.12. Zx and Zy are the total impedances seen from node X and node Y 

respectively. Iin refers to the drain to source current of M1. ro1 and ro2 refer to the 

drain to source resistances of M1 and M2. 
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Figure 6.12 Simplified model of LA cell 

 

Capacitance at node X and node Y can be represented as: 

22112 GSSBDBGDX CCCCC +++⋅≈                     (6.5) 

loadGDDBY CCCC ++≈ 22                          (6.6) 

where Cload consists of Cgs and Cgd of the next stage. 

Thus, the total impedance seen from node X and node Y in Figure 6.12 can be 

written as: 

sC
rZ

X

oX

1
//1≈                           (6.7) 

1

]1)/[(1
//)(

2 ++
+⋅

=+≈
YYY

Y
sRCLCs

sRLR

sC
RLsZ                   (6.8) 

From Figure 6.12, one can write: 

222

12
)()1()(

1
)()()1(

oXoY

YXo
rsZrgmsZ

sZsZrgm
Iin

Vout

+++
⋅⋅⋅+−=        (6.9) 

where gm1, gm2 are the transconductance of transistor M1 and M2. 

The transfer function of cascoded CS stage with inductive peaking can be written 

as: 

222

121
)()1()(

1
)()()1(

oXoY

YXo
rsZrgmsZ

sZsZrgmgm
Vin

Vout

+++
⋅⋅⋅+−=     (6.10) 

The output impedance is: 

  222 )()1()( oXoY rsZrgmsZZout +++=                    (6.11) 

In the small motoinal resistance case, there will be always at least 6 dB loss at 

input port due to the input impedance matching. In the large motional resistance case, 
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the gain of first stage is only 9dB, which also requires large gain in the following 

stages. 6 stages are required in order to obtain more than 40 dB gain. According to 

Equation (6.1), BW per stage should be at least 17 GHz when 6 stages are required. 

The transistor sizes chosen for cascoded CS LA cells can be seen in Table 6.2. If the 

transistors are larger, the bandwidth will be reduced due to larger parasitic capacitance. 

If the transistors are smaller, the gain will be reduced due to the lower 

transconductance. The cascoded differential pairs are biased around 1mA in each 

branch. 

 

Table 6.2 Transistor sizes of cascoded CS stage  
 

Stage number 1-5 Current source 

W 5 um 10 um 

L 60 nm 500 nm 

N 4 12 

Wtot 20 um 120 um 

 

The biasing circuits are the same as in Figure 5.13. Vb3 in Figure 6.10 is 

connected to supply voltage. Vb2 of the first LA stage is biased to 0.875V. Inputs of 

the following LA stages can be biased by the outputs of previous stages directly. The 

transistor sizes of biasing circuit can be seen in Table 6.3.  

 

Table 6.3 Parameters of the biasing transistors M1, M2 
 

Item M1 (current source) M2 (input) 

Transistor type N_12_LLLVT N_12_LLLVT 

W 6 um 2.8 um 

L 500 nm 500 nm 

NF 4 10 

W_tot 24 um 28 um 

 

In order to increase the output swing of LA, CS stage is employed in the latter 

stages of LA. CS stage has lower gain compared to cascoded CS stage. Thus, there is 

a trade-off between linearity and gain. Due to the small output power of STO, 5 
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cascoded CS stages and 1 CS stage is the optimal choice in this design. The CS stage 

is given in Figure 6.1. R0 and R1 is chosen 300 Ohms to avoid bandwidth shrinking. 

Due to the small load resistances R0 and R1, CS stage is biased at 2 mA to increase 

the gain. The transistor size of CS stage is given in Table 6.4.  

 

Table 6.4 Transistor sizes of CS stage  
 

Stage number 6 Current source 

W 5 um 10 um 

L 60 nm 500 nm 

N 4 32 

Wtot 20 um 320 um 

 

Finally, the gain provided by one CS stage is only 6.333dB (with 20fF load 

capacitance) and the bandwidth is 26GHz as it can be seen in Figure 6.13. 

 

 

 

Figure 6.13 AC response of CS stage 

 

The total gain and bandwidth of the proposed 6-stage LA can be seen in Figure 

6.14. 
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Figure 6.14 Simulation results of 6-stage LA 

 

From Figure 6.14, it can be seen that the gain is around 46.58dB (with 20fF load 

capacitance), which meets the requirement of around 45dB presented in Chapter 3. In 

addition, the bandwidth is around 0.13-15GHz, which also fulfills the requirement. 

For a single stage of cascoded CS LA cell, the noise figure is less than 1.5 dB in 

required frequency range, which is given in Figure 6.15. The noise accumulates fast 

when 6 stages are employed as we expected. The noise figure of this LA chain can be 

estimated using the expression [24]:  

)1(11

2
1 ...

1
...

1
)1(1
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A

NF
NFNFtot            (6.12) 

which shows a Nftot of around 2.1dB. 

The simulation result of noise figure can be seen in Figure 6.15 which shows a 

noise figure less than 1.7 dB in the required frequency range. When the switches 

(discussed at the end of Chapter 5) are taken into account, the total noise figure is up 

to 2.6 dB within the required frequency range.  

 



Chapter 6. Limiting amplifier 

- 70 - 

 

 

Figure 6.15 Noise Figure of 6 cascoded CS stages of LA 

 

The maximum output swing of LA can be calculated by: 

2)]011([ ×+−− VdsVthVgsVdd                     (6.13) 

where Vgs1 and Vth1 are the gate-source voltage and threshold voltage of input 

transistor M1/M2 in Figure 6.1, Vds0 is the drain-source voltage of current source M0 

in Figure 6.0. (Vgs1-Vth1) is around 130mV and Vds0 is around 250mV. Therefore, 

the maximum output swing is 1.64Vpp. 

The transient response is shown in Figure 6.16. From Figure 6.16 (a) and 6.16(b). 

Figure 6.16(a) illustrates the 1Vpp test sine wave injected at the input of limiting 

amplifier. Figure 6.16(b) shows the amplified signal obtained at the output of limiting 

amplifier when the input signal is 1Vpp. The voltage gain can be calculated 45.3 dB at 

5GHz approximately, which is verified by the AC analysis in Figure 6.14. In addition, 

the maximum differential output swing of LA is 1.67Vpp, as it can be seen in Figure 

6.16(c). According to the transient response, the proposed LA has a large output 

swing. 
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Figure 6.16 Transient analysis of LA (a). A 5GHz 1mVpp test voltage is applied 

(b).Differential signal with around 183.5mVpp obtained at the output of LA  

(c). Maximum 1.67Vpp output swing can be obtained  

 

To evaluate the LA performance, comparison of the proposed LA and 

state-of-the-art LAs is given in Table 6.5. Based on Table 6.5, it can be concluded that 

the proposed LA is competitive for its power and bandwidth compared to other works. 
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Table 6.5 Comparison of Limiting amplifier 
 

Ref Freq. 

Band 

[GHz] 

Gain 

[dB] 

Power 

[mW] 

Proc. 

Vsupply 

Bandwidth 

enhancement technique 

Inductor

? 

 

This 

work 

0.13-1

5 

 

46.6 20 65nm 

1.2V 

Inductive peaking 

 

YES 

 

[51] 

JSSC 

2003 

9.4 50 150 180nm 

1.8V 

Active feedback, 

inductive peaking and 

negative Miller 

capacitor 

YES 

 

[53] 

SOPO 

2010 

0.1-8.6 

 

42 72 

  

180nm 

1.8V 

third-order Interleaving 

active feedback 

NO 

[54] 

JSSC 

2007 

9 42 189 180nm 

1.8V 

third-order 

Interleaving active 

feedback 

NO 

[55] 

CDTP 

2006 

26.2 38 125 130nm 

1.5V 

Cascaded distributed 

amplifiers 

YES 

[56] 

JSSC 

1994 

15 60 600 SiGe 

HBT 

3.5-5.5 

V 

N/A 

 

NO 

 

[57] 

JSSC 

2000 

3 32 53 250nm 

2.5 V 

Inductive peaking YES 

 

The power consumption of proposed limiting amplifier is only 20 mW with 

considerable gain and bandwidth. Third-order interleaving active feedback technique 

is proposed in [53][54], which has flat gain over a comparatively large bandwidth. 

However, it suffers from potential instability issue. Compared with [48], which also 



Chapter 6. Limiting amplifier 

- 73 - 

employs the same inductive peaking technique, lower power and larger bandwidth is 

obtained with fewer transistors and inductors in this work. 

 

6.4 Summary 

Based on the case studies in this chapter, a broadband limiting amplifier is designed to 

amplify the signal after Balun-LNAs. Considerable gain and bandwidth is obtained by 

applying inductive peaking technique. The LA gives a differential output with 

1.67Vpp. The gain and bandwidth of the amplifier for STO now meet the 

requirements, and an output buffer is required to convert the differential signal to 

single-ended signal and match the output impedance to 50 Ohms. 
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Chapter 7. Output buffer 

 

7.1 Case studies 

Output buffer is a necessary and vital building block of the amplifier to transmit 

power to the following devices. In order to normalize the amplifier interface, a 50 

Ohms standard impedance matching is adopted in the design.  

There are several ways to implement the output buffer [58]:  

� LC based impedance network: LC based impedance network is common used in 

circuit design because there is no power loss in the LC impedance network. 

However, there are several drawbacks of this method. Firstly, the on-chip 

inductor consumes a lot of area. Secondly, the parasitic reactance of the LC 

components degrades the matching performance. Thirdly, the matching network 

is not suitable for wideband impedance matching.  

� Transmission line: A transmission line with 
4

λ
 long (quarter-wave transmission 

line) will help to match the load impedance to desired input impedance [29]. 

However, the real transmission line is lossy, and there will be undesired power 

loss on transmission line. 

� Transformer: Transformer can be used to match the impedance, but it is bulky and 

lossy. It also degrades the circuit performance. 

� CS stage: CS stage can be used to match the impedance in a wide frequency 

range. And CS stage is well known for its high linearity and it is suitable for the 

output stage. The output capacitance is negligible. The load resistance can be 

designed around 75 Ohms (in parallel with Rds of the transistor). In order to 

obtain unity gain at the output stage, gm of the transistor should be 20mS. 

However, the transconductance of small size transistors can hardly reach 20 mS 

in 65nm process, leading to gain loss. Besides, the bandwidth of CS stage does 

not satisfy the requirements. 

� Super source follower [59]: This approach uses a negative feedback to reduce the 

output impedance, which could be matched to 50 Ohms in wideband. However, it 
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cannot convert differential output to single ended output, which calls for an 

external converter for testing. 

In this project, a wideband inductorless output buffer is required. The output 

buffer should convert the differential output to single-ended output for testing and 

give a 50 Ohms output impedance matching. Because there is always 6.02 dB gain 

loss when the output impedance is perfectly matched, the gain loss should be as little 

as possible.  

 

7.2 Output buffer design 

A conventional buffer is used in this design. This output buffer can match the output 

impedance and convert the differential output to single-ended output at the same time. 

The output buffer is given in Figure 7.1.  

 

 

 

Figure 7.1 Output buffer 

 

The input of the proposed buffer is the differential output of limiting amplifier. 

The upper transistor acts as a source follower while the other transistor works as a 

common source stage. Ideally, the gain of the source follower and common source 

stage in this case should be unity, which results in an unity transfer function of the 

output buffer. The choice of transistor size is critical for output impedance matching. 

The output impedance of this buffer can be expressed by: 

10 ////
0

1
dsds RR

gm
Rout =                     (7.1) 
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where gm0 is the transconductance of both transistors, Rds0 and Rds1 are the resistance 

between drain and source of M1 and M2. The output transconductance of transistors 

are large in 65 nm process, which results in small Rds. Thus, in order to match the 

output impedance accurately, gm should be chosen less than 20 mS.  

In addition, the bond wire effect should be also considered at the output of buffer 

as shown in Figure 7.2. The bond wire model has been proposed in Chapter 5. 

Fortunately, the bond wire relieves the requirement of gm as well. Therefore, the 

transistor size chosen for output buffer can be seen in Table 7.1.  

 

 

 

Figure 7.2 Bond wire at the output 

 
Table 7.1 Parameters of the transistors in output buffer 

 

Item M0, M1 Biasing NMOS transistor 

Transistors type N_BPW_12_LLLVTRF N_ 12_LLLVT 

VDS 0.6 V 0.6 V 

IDS 1.7 mA 0.707 mA 

L 60 nm 500nm 

W 2 um 4um 

NF 8 10 

W_tot 16 um 40um 

gm 11.31 mS 5.14m 

Rds 463.41 Ohms 3265.9 Ohms 

Cgs 10.24 fF 195.47 fF 

Cgd 3.97 fF 8.98 fF 

Cds 2.18 fF 0.38 fF 

Cdb 0.07 fF 0.51 fF 

Vgs 0.64 V 0.6 V 

Intrinsic gain 5.24 16.8 
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The output stage can be simply biased by current mirror, which is the same as 

Figure 5.6.  

The output impedance matching of the output buffer with bond wire can be seen 

in Figure 7.3. Figure 7.3 (a) illustrates that the output impedance of the buffer varies 

from 56.92 Ohms to 70.45 Ohms in required frequency range of 4-8 GHz. In Figure 

7.3 (b), the Smith Chart indicates that the output impedance of the output buffer is 

close to normalized unity (50 Ohms). However, the output impedance first exhibits 

capacitive then inductive behaviors due to the bond wire effect. 

 

 

 

Figure 7.3 Output impedance of output buffer (3 GHz to 10 GHz) 

 

When a test port with 50 Ohms impedance is added at the end of bond wire, the 

S22 parameter in Figure 7.4 can be used to characterize the output impedance 

matching of this output buffer. As it can be seen in Figure 7.4, the reflection 

coefficient is always less than -12.94 dB in required bandwidth, which indicates that 

the output impedance matching meets the requirement of -10dB in such a wide 

frequency range. Around 5 GHz, the impedance closely matches to 50 Ohms.  

In Figure 7.5, there are 9.5dB loss on the output buffer in total. Apart from the 

loss caused by the impedance matching, there is about 2.85dB loss caused by the 

chosen transconductance. Due to the large output transconductance of transistors in 

65nm process, the Rds cannot be ignored, which requires lower input 
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transconductance to match the output impedance to 50 Ohms. According to Equation 

(7.1), the product of input transconductance and total output impedance is always less 

than unity in practice. Thus, there is a trade-off between the perfect impedance 

matching and gain due to the imperfection of the process. The reduction of power loss 

and reflection is at the price of losing 2.85 dB gain. 

 

 

 

Figure 7.4 Output reflection coefficient S22 of output buffer 

 

 

 

Figure 7.5 Gain loss of output buffer 
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The transient analysis of output buffer can be seen in Figure 7.6. Due to the limit 

of 1.2V supply voltage, the maximum differential signal that can be obtained at the 

input of buffer is 2.4V. Therefore, a 2.4Vpp test sine wave is injected at the input of 

the buffer as shown in Figure 7.6 (a). The signal obtained at the output of the buffer 

and before the bond wire is composed of two parts: the degraded signal transferred 

from the previous stage and the reflected signal from the output port through the bond 

wire. The degraded signal is caused by the imperfection of the buffer and the reflected 

signal results from the output impedance mismatch. Due to the time delay generated 

by the bond wire, the entire signal obtained at the output of buffer is distorted and can 

be seen in Figure 7.6(b). Figure 7.6 (c) shows the final signal after the bond wire and 

pad. The output swing of the final signal reaches to 0.6Vpp. 

 

 

 

Figure 7.6 Transient analysis of output buffer (a). 2.4Vpp input signal (b). 808mVpp 

signal obtained before the bond wire (c). 600mVpp obtained after bond wire  
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7.3 Summary 

This output buffer can convert the differential signals to single-ended signal while 

match the output impedance to 50 Ohms. The power consumption of the output buffer 

is only 4mW. It has large output swing, wideband output impedance matching and 

on-chip balun. 

The required building blocks from the input stage to output buffer have been 

proposed. In the coming chapter, all steps involved in designing the amplifier for STO 

will be given. 
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Chapter 8. Wideband amplifier Design 

 

Based on the analysis presented in the previous four chapters, the whole proposed 

amplifier is shown in Figure 8.1. Note that biasing circuit is not shown in the figure. 

In this chapter, all the characteristics of the amplifier in two cases will be analyzed, 

covering S-parameter, linearity, noise performance, corner analysis, stability analysis, 

etc. 

 

 

 

Figure 8.1Wideband amplifier 

 

8.1 Small motional resistance case (50 Ohms system) 

When Vctl signal is set to Vdd in Figure 8.1, the CG-CS LNA operates while the 

cascoded CS LNA is off. In this case, the input impedance of the amplifier is matched 

to 50 Ohms in the required frequency range (4-8 GHz). The S-parameter analysis can 

be seen in Figure 8.2. S11 reaches its maximum value of -12.48 dB at 4 GHz This 

meets the requirement of -10 dB and exhibits an acceptable input impedance matching. 

The reverse voltage gain S12 is always less than -144 dB leading to a perfect isolation. 

Forward voltage gain S21 is 52.36 dB with a 1.34-11.8 GHz bandwidth. The 

bandwidth and available gain reach the requirements presented in Chapter 3. S22 is 

less than -12 dB in the required frequency range as shown in Figure 8.2. At 5 GHz, 

S22 is around -21 dB, which indicates an excellent output impedance matching. The 
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input and output impedance matching can also be characterized by voltage standing 

wave ratio (VSWR) as shown in Figure 8.3. The input VSWR is less than 1.6 and the 

output VSWR is less than 1.52 in the required frequency range. Note that a VSWR of 

1.2 is considered excellent [24].  

 

 

 

Figure 8.2 S-parameter of amplifier  

 

 

 

Figure 8.3 VSWR of input and output of amplifier in small motional resistance case 
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The noise performance is characterized by noise figure and input referred noise 

as shown in Figure 8.4. The noise figure is below 5.92 dB in required frequency range 

and the corresponding input referred noise is below 883.7 pV/sqrt(Hz), which meets 

the requirement of 6 dB. The dominant noise sources are: 1) the thermal noise 

enhancement of the CS transistor in LNA stage; 2) the thermal noise of current source 

transistor in LNA stage; 3) the thermal noise of CS transistor in LNA stage. 

 

 

 

Figure 8.4 Noise performance of amplifier in small motional resistance case 

 

Basically, SSB and LSB reflect the stability of an amplifier, and as it can be seen 

in Figure 8.5, the amplifier is unconditionally stable in the required frequency range. 

 

 

 

Figure 8.5 SSB and LSB of amplifier in small motional resistance case 
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Wideband applications require wideband amplifiers with high linearity. In this 

project, the linearity is critical because of the intrinsic performance of the STO, as 

discussed in the Chapter 2. 

Linearity includes harmonics, gain compression, desensitization and blocking, 

cross modulation and intermodulation. Intermodulation is the most critical one in this 

case due to the performance of STO. The gain compression and harmonics will also 

be analyzed in this section. 

The output voltage distribution of an amplifier is important in analyzing 

intermodulation distortion when the two RF input signals are close. During the 

Periodic Steady-State (PSS) analysis, the centre frequency and second strongest mode 

frequency should be multiple of beat frequency. In order to simplify the simulation, it 

is assumed that the center frequency is 5 GHz (In [13], the centre frequency is 4.993 

GHz), and the second strongest mode frequency is 5.5 GHz (In [13], the second 

strongest mode frequency is 5.512 GHz). The 3rd order intermodulation is 6.031 GHz 

and 4.474 GHz. However, 6 GHz and 4.5 GHz will be used in simplified simulation. 

Output voltage distribution is used to analyze the intermodulation distortion when the 

main mode and second strongest mode of STO signals are close. As shown in Figure 

8.6, the intermodulation between the strongest mode and second strongest mode does 

not affect the linearity considerably. The strongest harmonic is lower than -56 dB and  

occurs at 4.5 GHz. 

 

 

 

Figure 8.6 Output voltage distribution of amplifier in small motional resistance case 
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As the signal amplitude increases, the gain becomes compressed, which results in 

non-linearity. The gain compression is characterized by 1dB compression point. 

Larger 1dB compression point results in better linearity. As illustrated in Figure 8.7, 1 

dB compression point is around -57.4 dBm when a -60 dBm input signal is applied.  

 

 

 

Figure 8.7 1 dB compression point of amplifier in small motional resistance case 

  

The IP3 is obtained by using swept PSS analysis (SPSS) and SPSS with Periodic 

AC (PAC). The input signal is -60 dBm. Based on the frequency hooping of STO 

device discussed in Chapter 2, the maximum spacing between the hooping 

frequencies is 20 MHz (±10MHz). Figure 8.8 presents the two-tone test with 

20-MHz tone spacing. Because the center frequency is 5 GHz, the two tones are 5 

GHz and 5.02 GHz. The third order frequencies are 4.98GHz and 5.04 GHz. From 

Figure 8.8, IIP3 is calculated around -48.9 dBm. OIP3 is always larger than -10dBm 

and it is up to -5.295 dBm when the input signal is larger than -59 dBm, which almost 

meets the requirement. As the spacing between hooping frequencies becomes 

narrower, the non-linearity becomes more serious. The non-linearity is mainly caused 

by the limiting amplifier. On one hand, due to the high voltage gain of limiting 

amplifier, the output swing is limited by the power supply of 1.2V then leads to 

linearity degradation. On the other hand, the open-loop topology has intrinsic 

nonlinearity, which is mainly caused by the nonlinear relation between ID and Vgs of 
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the transistors in signal paths.  

 

 

 

Figure 8.8 IIP3 of amplifier in small motional resistance case 

 

Corner analysis is carried out by changing the corners of the process along with 

the temperature and supply voltage [60]. All the transistor and capacitor models will 

be changed according to the corresponding corners settings. The default corner in this 

design is 

◇ tt, 1.2V, 27℃ 

The other simulated corners are as follows: 

◇ ff, 1.3V, -25℃ 

◇ ss, 1.1V, 85℃ 

The simulation result can be seen in Figure 8.9. The red lines represent 

simulation results in the default corner. The blue lines and red lines represent the 

simulation results in (ff, 1.3V, -25℃) and (ss, 1.1V, 85℃), respectively. From the 

simulation result, it can be concluded that the designed amplifier design in small 

motional resistance case (50 Ohms system) is working properly in the worse cases. 

S11 and S12 are always less than -10dB, which meets the requirement and shows an 

acceptable impedance matching at both input and output. S12 has maximum value of 

-144.2 dB, which presents a perfect isolation in all the corners. S21 is up to 63.16 dB 

within 4-8GHz in corner (ff, 1.3V, -25℃). However, the gain in worst case of (ss, 
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1.1V, 85℃) is only 41.33dB. This cannot meet the requirement of 45 dB, which is 

mainly caused by the lower mobility at high temperature. 

 

 

 

Figure 8.9 Corner analyses in small motional resistance case (a).S11; (b).S12; (c).S21; 

(d).S22; (e).NF 
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8.2 Large motional resistance case (High-Z system) 

When Vctl signal is set to gnd in Figure 8.1, the CS LNA operates while the CG-CS 

LNA is off. This case is applicable when the output impedance of STO is larger than 

50 Ohms. 1K Ohms, 500 Ohms, 50 Ohms input impedances are added to represent the 

output impedance of STO in order to cover the whole range of motional resistance. In 

Figure 8.10, S11 is close to 0 dB in required frequency range. The input impedance of 

the amplifier varies from 2K Ohms at 4 GHz to 1K Ohms at 8 GHz as shown in 

Figure 8.11. S12 in Figure 8.10 is less than -148 dB, which indicates an excellent 

isolation. The available gain S21 is 59.29 dB with 1.171-8.178 GHz bandwidth when 

1K Ohms source impedance is connected, and 47.65dB with larger bandwidth when 

50 Ohms source impedance is added. This fulfills the requirements presented in 

Chapter 3. The output impedance matching is less than -10 dB as in the previous case.  

 

 

 

Figure 8.10 S-parameter of amplifier in large motional resistance case 
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Figure 8.11 Input impedance of amplifier in large motional resistance case 

 

The noise performance is shown in Figure 8.12. The noise figure is below 2.916 

dB in required frequency range when 1K Ohms source impedance is added, and the 

corresponding input referred noise is below 2.8 nV/sqrt(Hz). The noise performance is 

much better in this case mainly because of employment of CS LNA.  

 

 

 

Figure 8.12 Noise performance of amplifier in large motional resistance case 
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As shown in Figure 8.13, since the SSB and LSB are out of 1|| =Γs , the 

amplifier is unconditionally stable in the required frequency range. 

 

 

 

Figure 8.13 SSB and LSB of amplifier in large motional resistance case 

 

The linearity is analyzed from the output voltage distribution in Figure 8.14. It 

can be concluded from Figure 8.14 that the intermodulation between the strongest 

mode and second strongest mode does not affect the linearity much.  

 

 

 

Figure 8.14 Output voltage distribution of amplifier in large motional resistance case 
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In Figure 8.15, 1 dB compression point is used to check the gain compression. 

When the input signal is around -60 dBm with a 50 Ohms motional resistance, 1 dB 

compression point is around -55.2 dBm. The linear dynamic range in this case is 

larger than that in the small motional resistance case. When the input signal is -60 

dBm with 1K Ohms motional resistance, 1 dB compression point is -58.7 dB, which 

indicates worse linearity and smaller dynamic range of input signal. 

 

 

 

Figure 8.15 1 dB compression point of amplifier in large motional resistance case (a) 

1K Ohms source impedance (b) 50 Ohms source impedance 

 

The input signal is -60 dBm. Figure 8.16 is the spectrum of the two-tone test 

with 20-MHz tone spacing in large motional resistance case. Because the central 

frequency is 5 GHz, the two tones are 5 GHz and 5.02 GHz. The simulation result in 

Figure 8.16 illustrates that when the motional resistance reaches 1K Ohms, the IIP3 is 

-51.9 dB. 
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Figure 8.16 IIP3 of amplifier in large motional resistance case  

 

In this case, a 1K Ohms RF port is used as the large motional resistance of STO 

device to analyze corners. 

The simulation result can be seen in Figure 8.17. The purple lines represent the 

simulation results in the default corner. The blue lines and red lines represent the 

simulation results in (ff, 1.3V, -25℃) and (ss, 1.1V, 85℃), respectively. It can be 

concluded that the designed amplifier in large motional resistance case (High-Z 

system) can also work properly in the worse cases. However, the bandwidth of 

1.24-6.86 GHz in corner (ff, 1.3V, -25℃) cannot meet the requirement. The reason is 

that the scatting effect is weakened at low temperature, leading to high mobility. The 

increasing mobility causes larger gain. Due to the trade-off between gain and 

bandwidth, as the gain increases, the bandwidth shrinks. 

 



Chapter 8. Wideband amplifier Design 

- 93 - 

 

 

Figure 8.17 Corner analysis of amplifier in large motional resistance case (a).S11; 

(b).S12; (c).S21; (d).S22; (e).NF 
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8.3 Summary 

S-parameters, linearity, noise performance, corner analysis, stability analysis of the 

whole amplifier for STO were presented in this chapter. The amplifier in small 

motional resistance case shows a gain of 52.36 dB with a 1.23-11.8 GHz bandwidth. 

The amplifier in large motional resistance case results in a 59.29 dB gain with 

1.171-8.178 GHz bandwidth when a STO device with 1KOhms output impedance is 

connected to the input. The amplifier is competitive for its very low power 

consumption, which is less than 30mW in both small and large motional resistance 

cases. 
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Chapter 9. Conclusion and Future Work 

 

9.1 Conclusion 

The intriguing properties of STO, such as large tunability, miniature size, high 

operation frequency, high integration level, etc., make it a promising candidate for 

microwave and radar applications. However, STO is an immature technology with its 

low output power that is not yet compatible with telecommunication applications. 

This thesis work presented a universal amplifier for MTJ STO devices with both 

small motional resistance and large motional resistance. The amplifier requirements 

are extracted according to the state-of-the-art MTJ STO technology. To satisfy the 

amplifier requirements, the proposed topology is composed of two types of input 

balun-LNA stages, which are suitable for small and large motional resistance cases, 

and a common circuitry consisting of LA and output buffer. A switch is designed to 

select between two input balun-LNAs according to the requirement. 

The two proposed input balun-LNAs have large bandwidth, good linearity, 

satisfactory noise performance, low power consumption and input active balun. The 

proposed CG-CS LNA in this work is superior to other works in gain and gain 

mismatch due the cross-coupling capacitors. In addition, CG-CS LNA has acceptable 

input impedance matched to 50 Ohms in required frequency range.  

The topology of LA is presented based on the studies and comparisons of several 

cases. Finally, a 6-stage broadband LA, which is composed of 5 cascoded CS stages 

with inductive peaking technique and one CS stage, is employed to obtain the 

required gain. The LA gives a large differential output swing of 1.6Vpp. The 

proposed LA is competitive for its low power consumption and large bandwidth. 

A conventional buffer is used in this design. It has high linearity, wideband 

output impedance matching, low power consumption, simple topology and on-chip 

active balun. With the effect of bond wire, the output buffer has an acceptable output 

impedance matching to 50 Ohms in required frequency range. 

Solutions to on-chip bias-tee/biasing and current source/sink were also discussed 

in this thesis. However, simulation results show that the on-chip bias-tee/biasing for 
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injected DC current of STO within the required bandwidth is infeasible in 65nm     

process with 1.2V power supply in both small motional resistance and large motional 

resistance cases. 

Finally, the simulation results show that the whole amplifier exhibits 52.36 dB 

gain with 1.23-11.8 GHz bandwidth in small motional resistance case and 59.29 dB 

gain with 1.171-8.178 GHz bandwidth in large motional resistance (1K Ohms). The 

proposed amplifier meets the requirements for both MTJ STO devices. In addition, 

the amplifier has acceptable noise performance and very low power consumption, 

compared to state-of-the-art of the out solutions.  

 

9.2 Future Work 

This thesis work covered circuit design and simulations. The future work includes: 

� Layout, DRC and LVS check, post layout simulation, fabrication, PCB design, 

final test and evaluation. 

� Off-chip bias-tee design and test. 
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