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ECEN 689 High-Speed Links Circuits and Systems 

Lab3 – Transmitter Circuits 

Objective 
To learn fundamentals of transmitter circuits and receiver circuits.  

Introduction 
Transmitters are used to pass data stream through transmission lines in either current or voltage 
mode. In high data rate application, the output impedance of transmitters should match the 
transmission lines’ characteristic impedance and should be tunable in order to compensate the 
process, voltage, and temperature variations. The multiplexing transmitting technique can be 
used to extend transmitters signaling bandwidth.  

Transmitter Automatic Termination Adjustment  
On-chip termination resistance suffers from process, voltage, and temperature variation. It is 
very difficult to obtain an accurate termination resistance value. Therefore, in high performance 
link designs, automatic termination adjustment is often implemented. Figure 1 shows an example 
of automatic termination adjustment. PMOSs are the on-chip terminator replica (slave). In real 
chip design, the replica is located near the real PMOS termination resistor (master) in order to 
reduce device mismatch. External reference resistor is equal to the characteristic impedance of 
the transmission line. Both reference resistor and PMOS terminator resistors are connected to 
one reference voltage (VDD in this case) and two identical current sources. A clocked 
comparator is used to measure the voltage difference across the resistors. An up/down signal is 
produced and drives the counter to tune the PMOS terminator resistor. Since the tuning circuit 
can run at very low frequency, power consumption is not significant. A window reference can be 
created in order to eliminate the “dither” effect. 

 
Figure 1 Termination Adjustment Servo Loop 
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Voltage Mode Driver 
Voltage-mode driver acts as a switch selectively connecting to a transmission line as shown in 
Figure 2 (a). Since matching output impedance is required, the switch should have output 
impedance equal to the characteristic impedance of the transmission line. In high voltage swing 
application as shown in Figure 2 (b), the size of the transistors, especially PMOS, must be made 
very large so that transistors can have an on resistance of about Z0. In small voltage swing 
application, both transistors can be NMOS with the upper transistor connecting to a reference 
voltage as shown in Figure 2 (c). The use of PMOS can be avoided. Figure 3 shows the 
differential voltage-mode driver schematics.  

 

Figure 2 Voltage Mode Driver 

 

Figure 3 Differential Voltage-Mode Driver (a) Low Swing (b) High Swing 

Low-Swing Voltage-Mode Driver Impedance Control 
Low-swing voltage-mode driver impedance control can be implemented as shown in Figure 4. 
Vr Regulator produces a regulated supply voltage for the pre-driver. The regulated Vr is 
produced in a feedback loop, based on the impedance matching between M1+R/2+M2 and R. 
The output swing of the pre-driver is set by Vr, which also controls the voltage-mode driver’s 
output impedance. The voltage-mode driver’s output swing is regulated by Vs Regulator. The 
sizes of M1 and M2 are the duplicates of the voltage-mode driver transistors. This design also 
inherently cancels resistance process variation.  
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Figure 4 Low-Swing Voltage-Mode Driver [Poulton JSSC 2007] [3] 

Current-Mode Driver 
Current-mode drivers are used in most high performance serial links and use Norton-equivalent 
parallel termination. Figure 5 shows the push-pull current-mode driver which is used in low-
voltage differential signals (LVDS). Since the current commutes between the differential input 
pair, low dI/dt noise can be achieved. Duel current sources could be a problem in low-voltage 
technology application.  

 

Figure 5 Push-Pull Current-Mode Driver 

Figure 6 shows the current-mode logic driver. It requires lower supply voltage for operation. It is 
preferred in the newer technology design.  
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Figure 6 Current-Mode Logic (CML) Driver 

Output Driver Rise-Time 
The rise time of an output driver must be carefully chosen to avoid excessive ISI. A very fast 
edge rate may result in reflections from any impedance discontinuities. Unlike TDR’s spatial 
resolution requirement, in output driver design, very sensitive to small impedance discontinuities 
is not desired. On the other hand, a long rise time will reduce timing budget, which could cause 
ISI. Figure 7 shows a method of rise-time control used in current-mode driver. The driver is 
divided into four current-mode drivers, each with one-quarter of the peak current. The delay 
elements are used so that the drivers can be turned on sequentially. In order to avoid the stair-
step output wave form, the individual current drivers are designed to turn on with a linear ramp.   

 

Figure 7 Rise-Time Control with a Segmented Current-Mode Driver [Dally] 
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Pre-Lab 
 

1. CMOS Technology Characterization.  
 
In order to estimate what level of performance is achievable with a given process 
technology, it is useful to run some initial characterization simulations.  
 

a. For both NMOS and PMOS transistors with dimensions W=1μm and L=Lmin, 
plot fT versus |VGS| and also versus ID – 4 plots total (2 per transistor). Use 
the test circuits in Figure 8. The easiest way to do this is to run a DC sweep with 
|VGS| varying from 0 to VDD and plot the following equation. 

𝑓𝑇 =
𝑔𝑚

2𝜋𝐶𝑔𝑔
 (1) 

 
where Cgg is the total gate capacitance. For the plot versus |VGS|, use a linear 
scale for both axes. For the plot versus IDS, use a log scale for the x-axis (current) 
and a linear scale for the y-axis (frequency). 

 

 
Figure 8     (i) NMOS fT test circuit        (ii) PMOS fT test circuit 

b. Find the FO4 inverter delay. Refer to the instructions on how to use the default 
90nm CMOS technology models for more details on how to setup the test circuit. 
For the inverters use minimum channel length and an NMOS unit finger width of 
1μm. Size the P/N ratio of the inverter for equal rise and fall delay, measured 
from 50% of the input to 50% of the output. However, don’t exceed a P/N ratio of 
3, i.e. if the simulations show that a ratio greater than 3 is required for equal delay 
then just use 3 and accept the slight delay difference.  

 

Figure 9 FO4 Test Circuit 
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Questions 
1. Transmitters can operate in voltage-mode or current-mode with single-ended termination 

or differential termination as shown in Figure 10. Please calculate the power consumption 
for (a) current-mode with single-ended (b) current-mode with differential (c) voltage-
mode with single-ended (d) voltage-mode with differential termination, assuming Vd is 
the output swing and termination is 50Ω. 

 

Figure 10 Current Mode and Voltage Mode Transmitter 

2. Multiplexer is often used to serialize parallel low speed data into one single stream of 
high speed data. It can be implemented before the transmitter output driver stage. Please 
design a 4:1 MUX that serializes 4 2Gb/s data into 8Gb/s data. Figure 11 is an example of 
2:1 MUX with retimer, please refer to [4] as a reference. 
 
a. Please use behavioral models for D-flip flops and Latches. The AB Select can be 

implemented using a transmission gate 2:1 MUX. Please design the AB selector in 
transistor level.  

b. Please verify and show your schematic and simulation results. 
 

 

Figure 11 2:1 Data MUX [4]  
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3. 8Gb/s Low-Swing Driver and Termination Design. 
a. Design both a differential current-mode CML driver and a differential low-swing 

voltage-mode driver to support an output swing of 200mVppd. For the Low-Swing 
Voltage-Mode Driver, please refer to [2] [3]. 
i. For the CML driver, the output tail current source should be implemented at the 

transistor level, but you may use a current mirror that has an ideal current source 
to produce the bias for the output stage tail current source.  

ii. For the voltage-mode driver, please design the regulator and driver circuit. If op-
amps are needed, feel free to use behavior op-amp models.  

b. Include one pre-driver stage (in transistor level) before the driver output stage. This 
may be a simple inverter pre-driver or something more fancy if you want.  

c. The driver should be terminated on-chip both at the transmitter and the receiver as 
shown in Figure 12. The termination should be designed to handle a temperature 
variation from 0 to 100C OR a variation of ±30% from the nominal 25C value if 
the temperature variation simulation doesn’t work. Passive termination may be 
used, however a realistic model including parasitic capacitance must be used, i.e. from 
a design kit or taken from the table in lecture 10. Choose whichever termination 
scheme you think is most appropriate (AC vs DC-coupled, Single-ended vs 
Differential) and briefly explain your choice.  

d. Since the emphasis of this problem is the driver design, in your simulations use a 
simple channel consisting of TX output cap = RX input cap = 200fF and an ideal 50Ω, 
1ns transmission line.  

e. Turn-in the following for your design  
iii. Schematics with details of transistor sizing.  
iv. A 8Gb/s eye diagram at the RX. Use a pseudo-random input sequence of 27-1 or 

higher to produce the eye diagram.  
v. Plot the return loss versus frequency looking back into the transmitter at 0, 25, 

and 100C. For this, program the termination to yield the best performance at each 
temperature. Note: if your temperature variation simulations don’t work, 
then just turn in one plot at 25C and data showing that your termination 
can tune ±30%1. 

vi. Compare the power consumption of the two drivers. Break down the power into 
pre-driver and output stage power. 

 

Figure 12 Schematic of the Link Circuit  

1: Note: ±15% is probably sufficient for only temperature variations. To handle process, voltage, and temperature 
variations, you would probably need to increase this range to ±30%.   
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