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Abstract 

The performance of a system depends heavily on the communication speed between 

integrated circuits, which is constrained by the power delivery networks (PDNs). The 

disruption between the power and ground planes based on the low target impedance 

concept induces return path discontinuities during data transitions, which create 

displacement current sources between the power and ground planes. These sources 

induce excessive power supply noise which can only be reduced by increasing the 

capacitance requirements through new technologies such as thin dielectrics, embedded 

capacitance, high frequency decoupling capacitors and other methods. The new PDN 

design proposed here using power transmission lines (PTLs) enables both power and 

signal transmission lines to be referenced to the same ground plane so that a continuous 

current path can be formed. Extensive simulations and measurements are shown using the 

PTL approach to demonstrate the enhanced signal integrity as compared to the currently 

practiced approaches. 

Authors Biography 

Suzanne L. Huh received her B.S. and M.S. degrees in Electrical Engineering from 

Korea Advanced Institute of Science and Technology in 2005 and 2007, respectively. She 

completed her Ph.D. degree in Electrical and Computer Engineering from Georgia 

Institute of Technology in 2011. She is currently with Intel Corporation’s Atom and SoC 

Development Group. 

Madhavan Swaminathan received the B.E. degree in electronics and communication 

from the University of Madras, Chennai, India, and the M.S. and Ph.D. degrees in 

electrical engineering from Syracuse University, Syracuse, NY. He is currently the 

Joseph M. Pettit Professor in Electronics at the School of Electrical and Computer 

Engineering and Director of the Interconnect and Packaging Center (IPC), an SRC Center 

of Excellence, at Georgia Tech, Atlanta. He was the Deputy Director of the Packaging 

Research Center, Georgia Tech, from 2004 to 2008. He is the Co-Founder of Jacket 

Micro Devices, a company specializing in integrated devices and modules for wireless 

applications (acquired by AVX Corporation) and the Founder of E-System Design, an 

EDA company focusing on CAD solutions for integrated microsystems, where he serves 

as the Chief Technical Officer. Prior to joining Georgia Tech, he was with the Advanced 

Packaging Laboratory, IBM, where he was involved in packaging for super computers. 

He is currently a Visiting Professor at Shanghai Jiao Tong University, Shanghai, China, 

and Thiagarajar Engineering College, Madurai, India. He has more than 350 publications 

in refereed journals and conferences, has coauthored three book chapters, has 24 issued 

patents, and has several patent spending. While at IBM, he reached the second invention 

plateau. He is the author of the book Power Integrity Modeling and Design for 

Semiconductors and Systems (Englewood cliffs, NJ: Prentice-Hall, 2007) and Co-Editor 

of the book Introduction to System on Package (SOP) (New York: McGraw Hill,2008). 

He has been selected to serve as the Distinguished Lecturer by the IEEE EMC Society for 

the period 2012 – 2013. His research interests include mixed signal microsystem and 



nano system integration with emphasis on design, CAD, electrical test, thermal 

management and new architectures. 

Details on Prof. Swaminathan’s research are available at http://epsilonlab.ece.gatech.edu 

and http://www.ipc.gatech.edu. 



 

1. Introduction 

A power delivery network (PDN) is the network that connects the power supply to the 

power/ground terminals of the ICs. In conventional design of PDNs, the PDN impedance 

is required to be less than the target impedance over the frequency range of interest to 

minimize the IR drop and to suppress the inductive noise during data transitions. As a 

result, most PDNs in high-speed systems consist of power and ground planes to provide a 

low-impedance path between the voltage regulator module (VRM) and the integrated 

circuit (IC) on the printed circuit board (PCB), as shown in Figure 1.  

 

Recently, on-board chip-to-chip communication is being pushed from several Gbps 

towards tens of Gbps due to the demand for higher data rate [1]. Single-ended signaling is 

widely used for memory interface, but it suffers from simultaneous switching noise 

(SSN), crosstalk, and reference voltage noise [2]. Although differential signaling is free 

from common-mode noise, it doubles on-chip interconnect count, off-chip printed circuit 

board (PCB) trace count, and I/O pin count [3], which results in higher cost. To achieve 

better signal integrity with less expense, studies on pseudo-differential signaling schemes 

have been undertaken by several researchers [3]-[8]. The original pseudo-differential 

signaling adds a reference line after a group of data lines, usually limited to four, which 

results in N+1 physical lines routed in parallel to communicate N signals. Afterward, 

further improved versions of pseudo-differential signaling schemes have been proposed, 

which are bus inversion scheme [4], incremental signaling scheme [3][5], balanced 

coding scheme [6]-[8], and so on.  

These signaling schemes still have a limitation in terms of noise reduction due to the 

PDN. For off-chip signaling, charging and discharging signal transmission lines induce 

return currents on the power and ground planes [9], as shown in Figure 2. The return 

current always follows the path of least impedance on the reference plane closest to the 

signal transmission line. The return current path plays a critical role in maintaining the 

signal integrity of the bits propagating on the signal transmission lines. The problem is 

that the disruption between the power and ground planes induces return path 

discontinuities (RPDs), which create displacement current sources between the power 

 

Figure 1: Power distribution network using power and ground planes. 



and ground planes. The current sources excite the plane cavity and cause voltage 

fluctuations. These fluctuations are proportional to the plane impedance since the current 

is drawn through the PDN by the driver. Therefore, low PDN impedance is required for 

power supply noise reduction, which can only be achieved by increasing the capacitance 

requirements through new technologies such as thin dielectrics, embedded capacitance, 

high frequency decoupling capacitors, and others [10]-[14]. In addition, use of power and 

ground planes as part of the target impedance concept is making the packages and boards 

more complex, leading to the need for sophisticated design tools and methodologies. So, 

the question to be asked is: Are power (voltage) planes necessary for high speed 

signaling? Instead, can an alternate method be developed based on a high target 

impedance concept that provides a more stable signaling environment with less 

complexity in terms of the design tools and methodologies required? This is 

accomplished in this paper by using power transmission lines. 

 

2. Power Transmission Line and its Challenges 

2.A. Power Transmission Lines  

Planes are generally used to supply power from the VRM to the IC due to their high 

frequency characteristics and low dc drop related issues. To accommodate return current 

paths for multiple signal traces in the board or package, either ground or voltage plane is 

used as the reference conductor. The problem is that the disruption between the power 

and ground planes induces return path discontinuities (RPDs) during the data transitions, 

which create displacement current sources between the power and ground planes as 

shown in Figure 2 [15]. These sources induce excessive power supply noise, which again 

requires managing the PDN impedance so as to control the excessive noise caused by the 

current transients.  

Alternatively, methods for eliminating the RPDs can be employed to suppress power 

supply noise. In the newly-proposed PDN scheme [16], transmission lines are used to 

replace the voltage plane and convey power from the voltage source to the die, which are 
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Figure 2: Chip-to-chip communication in a power-plane-based system. 



called as Power Transmission Lines (PTLs), as shown in Figure 3. The characteristic 

impedance of PTL is decided based on the characteristic impedance of the signal 

transmission line, desired eye height at the receiver side, turn-on impedance of I/O driver, 

to name a few. Since the characteristic impedance of signal transmission line is typically 

between 25-70 ohms, that of PTL also falls within this range. Hence, the PTL concept 

enables the use of a high-impedance network for power delivery, which is in direct 

contrast to the method being currently pursued today. 

 

2.B. Accompanying Challenges 

The PTL concept has its challenges as well. The PTL-based signaling scheme is shown in 

Figure 4. In Figure 4(a), the PTL is source-terminated with a resistor of 25 ohm matched 

impedance. The reason for the source termination of the PTL is to prevent multiple 

reflections when there is an impedance mismatch between the signal transmission line 

and load-terminating resistor. The other end of the PTL is connected to a signal network, 

which consists of an I/O driver, a signal transmission line and a terminating resistor. The 

impedance of the signal network is carefully designed, considering the PTL impedance 

and the desired eye height. The PTL and signal transmission lines are referenced to a 

common ground plane, thereby eliminating RPDs during both transitions of the driver.  

An issue that arises with the PTL-based signaling scheme is dynamic dc drop due to the 

terminating resistance between the voltage supply and the PTL. The state of the output 

data dictates whether the I/O driver draws current from the PDN or not. In the case of a 

voltage-mode driver and ground-tied termination, the high state of the output data 

induces current to flow from the PDN toward the signal transmission line. The current 

flow results in the dc drop across the source termination of the PTL so that only a fraction 

of the original supply voltage appears on the power supply node of the I/O driver. On the 

other hand, the low state of the output data stops the current flow. As a result, the dc drop 

across the source termination becomes dynamic depending on the state of the output data. 

This is illustrated in Figure 4(b). As the characteristic impedance of the signal 
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Figure 3: Chip-to-chip communication. (a) Using plane-based PDN. (b) Using PTL-based 

PDNs. 



transmission line is 50 ohms, the turn-on impedance of the I/O driver is designed to be 25 

ohms so as to have the amplitude of the output data equal to one-half of the supply 

voltage. The dc voltage level at the power supply node (TxPwr) of the I/O driver 

alternates between the original supply voltage and a fraction of the original supply 

voltage, depending on the data state at the output node (data_tx), as shown in Figure 4(b).  

 

The dc drop on the PDN during the high state of the output data is different from SSN. It 

is data state dependent, while SSN is data transition dependent. In other words, the dc 

drop is coming from the resistive element, while SSN is mainly caused by the inductive 

element. It is interesting to note that the dc drop does not affect the amplitude of the 

received data as illustrated in Figure 5. When a power plane is used as the I/O PDN, the 

turn-on impedance of the I/O driver is typically matched to the signal transmission line, 

which is terminated with the impedance-matching resistor at the far end. Hence, the 

output voltage swing is one-half of the supply voltage. This impedance matching scheme 

cannot be applied to the PTL-based I/O PDN because using a PTL requires a source 

termination. The intervention of the PTL-terminating resistance can be compensated by 

reducing the turn-on impedance of the I/O driver. When the sum of the PTL-terminating 

resistance and the turn-on impedance of the I/O driver is matched to the characteristic 

impedance of the signal transmission line, the received eye height can be maintained to 

be one half of the supply voltage. 
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Figure 5: Comparison of supply voltage division. 
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(a)      (b) 

Figure 4: Single-ended signaling using PTL. (a) Schematic. (b) Waveform. 



However, the dynamic dc drop shown in Figure 5 can create problems if combined with 

the impedance mismatch in the PTL-based circuit, which comes from manufacturing 

variations. This can create signal-integrity-related issues, as shown in Figure 6. When the 

PTL and terminating resistor are mismatched by 20%, as shown in Figure 6(a), the PTL 

is under driven. Moreover, the balance of impedance between the PTL and the signal 

network is upset. Depending on the reflection coefficient, multiple reflections go back 

and forth within the PTL until the steady-state voltage is reached. These multiple 

reflections induce a staircase-step waveform at the power supply node (TxPwr) of the 

driver and signal overshoot at the output node (data_tx), as shown in Figure 6(b) [17].  

 

The dynamic dc drop issue becomes even more complicated when a single PTL is used to 

serve multiple I/O drivers. If one PTL is used to support multiple I/O drivers, the power 

supply nodes of the drivers need to be tied together, which results in varying current 

through the PTL based on the data pattern. This affects the dc voltage level at the 

common power supply node and the amplitude of the transmitted and received signal 

waveforms. In Figure 7, a PTL is used to feed power to two I/O drivers. The power 

supply node of each driver is connected to the same PTL. Since the output data of the two 

drivers are independent of each other, there are three possible data patterns in terms of the 

number of 1s, namely 00, 01/10, and 11. The three possible combinations result in three 

different amounts of current through the PTL, which leads to three different dc voltage 

levels at the TxPwr node, and three different amplitudes of the waveform at the input and 

output of the signal transmission lines (data1_tx, data2_tx, data1_rx, and data2_rx). 

Therefore, the PTL-based power distribution scheme needs to be modified to eliminate 

the data-state-dependent dc drop. 
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(a)      (b) 

Figure 6: Impedance mismatched PTL in single-ended signaling. (a) Schematic. (b) 

Waveform. 



 

Also, an increase in the number of PCB traces should be addressed by devising a method 

to feed more than one driver with one PTL to relieve the line congestion on the signal 

layer. Lastly, the power required to transmit one bit of data should be optimized for the 

PTL by using a new signaling scheme and by adjusting the impedance of the signaling 

circuit. This leads to the next section of constant current PTL, which alleviates these 

problems. 

3. Constant Current Power Transmission Line 

3.A. Configuration 

The Constant Current PTL (CCPTL) scheme resolves the two issues related to the PTL, 

namely dynamic dc drop on the PDN caused by the source termination, and mismatch 

effect between the PTL and the terminating resistor [17]-[19]. The varying dc drop shown 

in Figure 4 and Figure 5 are due to the current flowing through the PTL only during the 

high state of the output data. To maintain the dc voltage level constant, a current path is 

required during the low state of the data. In the CCPTL scheme, an additional current 

path from power to ground is supplemented using a data pattern detector and dummy 

path, as shown in Figure 8(a). The data pattern detector detects the state of the input data. 

It then determines whether to connect or disconnect the dummy path to the PTL. The 

dummy path is a resistive path, whose impedance is matched with that of the signal path 

so as to induce the same amount of current during the low state as during the high state of 

the data. It can be implemented with transistors whose width and length are optimized to 

yield the desired resistance. As a result, the dc voltage level at the power supply node 
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(a)       (b) 

Figure 7: Two I/O drivers sharing one PTL. (a) Schematic. (b) Waveform. 



(TxPwr) of the driver stays constant regardless of the output data state, as shown in 

Figure 8(b). The dc drop due to the PTL-terminating resistor can be compensated either 

by reducing the turn-on impedance of the output driver or by increasing the supply 

voltage. Then, the dc drop at the power supply node (TxPwr) does not reduce the eye 

height of the transmitted/received signal. Between the two compensation methods, the 

latter is used during measurements, which will be discussed in a later section.  

The constant current through the PTL eliminates the repeated charging and discharging of 

the PTL. It therefore keeps the PTL always charged so that the PTL behaves as a constant 

load. As a constant load, the transmission line's response to applied voltage is resistive 

rather than reactive, despite being comprised purely of inductance and capacitance [20], 

which excludes the possibility of any impedance mismatch. Consequently, the mismatch 

effect will not appear on the signal line even when there is an impedance mismatch in the 

PTL. Even with a 20% impedance mismatch between the PTL and the termination, the dc 

voltage level at the power supply node (TxPwr) and the amplitude of the signal at the 

input and output of the signal transmission line (data_tx and data_rx) maintain the steady-

state voltages, resulting in the same waveform as in Figure 8(b). 

 

The application of the CCPTL scheme can be extended to support multiple I/O drivers. 

To feed power to multiple I/O drivers with one CCPTL, a data pattern detector and 

multiple dummy paths can be used. When the power supply nodes of multiple I/O drivers 

are tied together, the amount of current through the PTL varies based on the data pattern. 

Therefore, the number of dummy paths needs to be equal to the number of possible data 

patterns. Figure 9(a) shows the CCPTL scheme used for 2-bit transmission.  
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Figure 8: Single-ended signaling using CCPTL. (a) Schematic. (b) Waveform. 



 

Two bits give four different patterns, which are 00, 01, 10, and 11. In terms of the 

number of high states, three patterns are possible, as indicated in the table in Figure 9(b). 

The maximum PDN current is drawn by the drivers when all the drivers are turned on 

with all the output data being high, while no current flows when all the drivers are turned 

off. The data pattern detector detects the number of turned-off drivers and enables the 

corresponding dummy paths to carry current from the PDN. As a result, the total amount 
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Figure 9: Two I/O drivers per CCPTL. (a) Schematic. (b) Data Pattern Detector. (c) 

Waveform. 



of current drawn from the PDN by either the drivers or the dummy paths will be kept 

constant regardless of the data pattern. Figure 9(c) shows the resulting waveforms; the 

voltage at the power supply pin is constant at 1.5 V, and the amplitudes of the signals at 

the input and output of the signal line are both 1 V. 

The advantages of the CCPTL signaling scheme include reduction of layer counts and 

elimination of decoupling capacitors for mitigating RPDs, which lead to lower cost. Also, 

this scheme provides increased voltage and timing margins that enable the enhancement 

of the channel data rate. However, potential disadvantages using the presented scheme 

are increased power consumption and circuit area, which are associated with inducing 

constant current in the power distribution network. If the PTL is being source-terminated, 

the dc drop due to the terminating resistance should then be compensated either by 

reducing the turn-on impedance of the output driver or by increasing the power supply 

level.  

It is important to note that if the same concept is extended to differential signaling, most 

of these limitations can be resolved because the two complementary signals in differential 

signaling draw constant current from the PDN by construction. In differential signaling, a 

natural dummy path is created in the process of transmitting a pair of complementary data 

bits. However, it doubles the off-chip PCB trace count and the I/O pin count. The focus 

of this chapter is on improving signal integrity for single-ended signaling, and therefore 

includes only the simulation and measurement results of the CCPTL-based single-ended 

signaling scheme. 

3.B. Measurement Results 

Two test vehicles (TVs) were designed and fabricated to demonstrate the effectiveness of 

using PTL in terms of signal integrity improvement. Two test boards were custom-

designed to incorporate two different PDNs, and an off-the-shelf chip was mounted on 

each board. A 16-pin QFN-packaged SiGe differential driver was used. For a differential 

output pin pair, one output pin was connected to a 66-mm long signal transmission line. 

The signal transmission line was terminated inside the oscilloscope with 50 ohms. The 

other output pin was directly connected to a 50 ohm resistor to function as a dummy path 

outside the chip. During the high state of the output data, current flows along the signal 

transmission line, while the dummy path draws the same amount of current during the 

low state of the output data. Therefore, constant current flows through the PDN in both 

the power-plane-based and PTL-based TVs at all times. Although the power-plane-based 

PDN does not require a dummy path, the dummy path is still implemented to have all the 

setup the same between the two TVs except for the PDN.  

The top view of the power-plane-based and the PTL-based boards are shown in Figure 

10. The width and length of the power and ground planes are 96.5 mm and 63.5 mm, 

respectively. For the PTL-based TV, a 25 ohm transmission line was used as the PTL, 

and a 25 ohm resistor was used as the source-terminating resistor. The source termination 

of the PTL is used to reduce the possibility of multiple reflections if the first reflection is 

initiated by the impedance mismatch between the signal transmission line and load-

terminating resistor. The ground plane serves as a reference conductor for the PTL as 



well as for the signal transmission line. The only difference between the two TVs is the 

method used to provide power to the driver. 

 

The stack-up details of the test boards are shown in Figure 11. Copper and FR4 are used 

for the metal and dielectric layers. The conductivity of copper was assumed to be 5.8×10
7 

S/m. The dielectric constant and loss tangent of FR4 were 4.6 and 0.025, respectively. 

The power-plane-based board consists of 4 layers, which are signal-power-ground-signal 

layers. On the other hand, the PTL-based board consists of 3 layers, which are 

signal/power-ground-signal layers, having both signal and power transmission lines on 

the top layer. It is important to note that in both boards, the signal transmission line and 

other connections were placed on the top signal layer, while the bottom signal layer was 

nearly empty with only a couple of lines connecting to control and power supply pins. 

The lines placed on the bottom layer are also shown in Figure 11.  

 

In the power-plane-based TV, a cavity is formed between the power and ground planes. 

The resonant frequency of the structure can be calculated, based on the rectangular 

waveguide formula defined by: 

 

 

(1)  

 

 

(a)      (b) 

Figure 11: Side view of test vehicles. (a) Plane-based test vehicle. (b) PTL-based test vehicle. 

 

(a)      (b) 

Figure 10: Top view of test vehicles. (a) Plane-based test vehicle. (b) PTL-based test vehicle. 



where c is the speed of light, a and b are the width and length of the rectangular structure, 

m and n are the integers to represent the dominant mode number, and εr and μr are the 

relative permittivity and the relative permeability of the substrate [15]. The first half 

wavelength (λ/2) resonance of the plane pair occurs at 724.6 MHz. The first four resonant 

frequencies are summarized in Table 1.  

 

Sphinx [21], a multi-layer finite difference method (M-FDM) [15] based electromagnetic 

solver was used to model the two TVs in the frequency domain and compare the insertion 

losses of the signal transmission lines of the two TVs. Here, the insertion loss (IL) is 

defined as IL=-20·log10|S21| dB, when Port1 and Port2 are at the input and output of the 

signal transmission line, using the same reference impedance of 50 ohms. Four ports 

were defined for each structure, two for the signal line (Port1 and Port2 at input and 

output) and the other two for the PDN, as shown in Figure 10 and Figure 11. The 

reference used for all the ports was the ground plane.  

The insertion losses of the signal transmission lines in the two TVs are compared in 

Figure 12. The insertion loss of the PTL-based TV has a smooth negative slope with -

2.77 dB insertion loss at 10 GHz. This behavior is expected of a microstrip line with the 

main contributor to insertion loss being conductor and dielectric loss. On the other hand, 

the insertion loss of the signal line in the power-plane-based TV has multiple resonances. 

The first dip in the insertion loss appears at 750 MHz. This frequency corresponds to the 

λ/2 resonant frequency of the plane pair. This dip explains why the RPD effect becomes 

even more severe when the switching frequency of the I/O driver coincides with the 

cavity resonant frequency of the power/ground plane pair; the waveform suffers from 

high insertion loss traveling along the signal transmission line. The rest of the dips shown 

in Figure 12 are consistent with the resonant frequencies shown in Table 1. The reason 

that the resonant frequencies of the signal line correspond to the cutoff frequencies of the 

cavity modes is because those resonances are induced by the coupling between the signal 

line and the PDN. Therefore, the transmission characteristic of the signal line suffers 

from non-monotonic variation over frequency, which can create problems for signal 

integrity. The resonances also cause rapid increase in the insertion loss reaching -6.69 dB 

at 10 GHz.  

Table 1 Calculated resonant frequencies. 

w (mm) l (mm) m n fλ/2 (Hz) 

96.5 63.5 

1 0 7.2459E+08  

0 1 1.1014E+09 

2 0 1.4492E+09 

2 1 1.8202E+09 

 



 

Figure 13 shows the test environment and measurement set-up along with the port 

locations from Figure 10. Agilent 81133A was used to generate a 2
7
-1 PRBS pattern at 

the desired frequency. A supply voltage of 2.5 V was used for the power-plane-based TV, 

while 3.98 V was used for the PTL-based TV. Due to the source termination of the PTL, 

a dc drop occurs across the resistor. Since it causes the device to be supplied with less 

voltage than the original supply voltage, the dc drop should be compensated either by 

reducing the turn-on impedance of the output driver or by increasing the supply voltage 

to maintain the same voltage level at the device and the receiver side as in the power-

plane-based TV. The limitation of the off-the-shelf chip precluded the former method so 

that the latter method was used.  

 

The drivers of both TVs were excited at 1500 Mbps. The fundamental frequency of the 

1500 Mbps PRBS pattern coincided with the resonant frequency of the signal line in the 

plane-based TV. Eye diagrams were measured at the output of the transmission line 

(Port2) after the signal traveled a distance of 66 mm along the transmission line, using 

Agilent 86100C oscilloscope. To maintain consistency, 10k samples were used to 

 

Figure 13: Test environment. 

 

Figure 12: Insertion loss of signal transmission line with plane-based PDN and PTL-based 

PDN. 



construct the eye diagram. Two types of jitters were measured using the oscilloscope, 

namely the root mean square (RMS) jitter and the peak-to-peak (p-p) jitter. The RMS 

jitter utilizes all the 10k samples for calculation. Assuming that the mean is 0, the RMS 

jitter quantifies the standard deviation of the jitter distribution. This number is more 

meaningful compared to the p-p jitter that is the distance between the two farthest data 

points. However, since the jitter is mainly caused by power supply noise, its distribution 

can be non-Gaussian. In such a case, the p-p jitter is more useful. Hence, both jitters are 

presented. 

Figure 14(a) and (b) are the eye diagrams of a 1500 Mbps PRBS at the receiver side in 

the power-plane-based and PTL-based TVs, respectively. The output of the signal 

generator has an initial p-p jitter of 19.1 psec. The p-p jitter increases to 36 psec in the 

power-plane-based TV, while it increases to 27psec in the PTL-based TV. The difference 

between the p-p jitters in the two TVs is 9 psec, which is a reduction of 25% for the PTL-

based TV. The eye height is ~463 mV in the power-plane-based TV, and ~523 mV in the 

PTL-based TV, which shows an improvement of 13.0%. 

 

When 3.98 V was used as the supply voltage for the PTL-based TV, the dc voltage level 

at the power supply pin of the chip equaled 2.498 V, which matches the supply voltage 

provided to the device in the power-plane-based TV. The increased voltage level for the 

PTL-based TV raises the power consumption as compared to the plane-based TV. As 

3.98 V is 59.2% larger than 2.5 V, the power consumption is 59.2% higher. Here, the 

amount of current drawn from the PDN is the same in both TVs so as to result in the 

same eye height at the load end in idealistic situations. Thus, the additional power 

consumption comes from the increase in the power supply voltage level. 

The power consumption issue can be resolved by reducing the turn-on impedance of the 

I/O driver by custom-designing the CCPTL scheme, or by eliminating the source 

termination of the PTL. Unless the turn-on impedance of the I/O driver is reduced, the 

source termination of the PTL requires the increase in the supply voltage level to get the 

same current level through the signal network as that in the plane-based TV, which leads 

to the increased power consumption. Since the source termination of the PTL is used to 

 

  
(a)      (b) 

Figure 14: Measured eye diagrams of the received 1500Mbps PRBS. (a) Power-plane-based 

TV. (b) PTL-based TV. 



prevent multiple reflections as mentioned in the previous section, it can be removed if the 

load-terminating resistor is matched well to the characteristic impedance of the signal 

transmission line.  

In Figure 15, the received eye diagram of the PTL-based TV without the source 

termination is compared to that of the power-plane-based TV. Without the source-

terminating resistor, no compensation for the dc drop across the PTL is required so that 

2.5 V is used as the supply voltage in the PTL-based TV as well as in the plane-based 

TV. Thus, the same amount of power is consumed in both TVs. The difference between 

the p-p jitters in the two TVs is 9 psec, which is a reduction of 25% for the PTL-based 

TV. The eye height is ~463 mV in the power-plane-based TV, and ~546 mV in the PTL-

based TV, which shows an improvement of 17.9%. 

 

 

  
(a)       (b) 

Figure 15: Measured eye diagrams of the received 1500Mbps PRBS. (a) Power-plane-based 

TV. (b) PTL-based TV without source termination. 



4. Pseudo Balanced Power Transmission Line 

4.A. Configuration 

The CCPTL scheme induces constant current regardless of the input data pattern by 

adding dummy paths. Nevertheless, it is not an ideal solution due to increased power 

penalty. To reduce the power penalty while retaining the merits of using constant current, 

the pseudo balanced PTL (PBPTL) scheme has been proposed in [22]. The PBPTL 

scheme addresses the PTL-associated issues with lower power penalty than the CCPTL 

scheme by encoding the original information.  

In the conventional balanced signaling scheme, encoding is performed prior to data 

transmission. N bits of data are mapped onto (N+log2N) bits or less to provide 2
N
 data 

patterns with an equal number of 1s and 0s at all times [5]. According to [6], the length of 

extra bits required for balanced coding is approximately (0.5•logN+1) for N-bit data. This 

balanced signaling scheme minimizes the variation of the total driving current through 

the PDN by controlling the number of high and low states in the output data string. As the 

total driving current is maintained constant, di/dt can be minimized, and therefore SSN 

can be reduced [7][8]. 

To transmit 4-bit information, 6-bit symbols with three 1s and three 0s are required to 

maintain an equal number of 1s and 0s in the encoded data word. This results in 50% 

overhead in terms of off-chip PCB trace and I/O pin count. The disparity between the 

counts of 1s and 0s is fixed at zero. To reduce such overhead, the pseudo balanced 

signaling scheme employs two types of disparity between the counts of 1s and 0s [22]. 

Let M be the length of the encoded data word, which is pseudo-balanced. M is 

determined to satisfy the following equation: 

 
 

 

(2)  

In the conventional balanced signaling scheme, only the first term in the left hand side 

has been used to determine M, while the two terms are included in the proposed scheme. 

If the minimum M to satisfy the equation is an even number, the difference between the 

counts of 1s and 0s in M-bit pseudo-balanced data word becomes either 0 or 1. If the 

minimum M is an odd number, the difference between the counts of 1s and 0s becomes 

either 1 or 2. By including two types of disparity, fewer extra data bits are required to 

cover 2
N
 data words as compared to using only one type.  

For example, when the original data word consists of 4 bits (N=4), the conventional 

balanced coding scheme requires at least two additional bits, which makes M=6. Using 

the pseudo-balanced coding scheme, equation (2) is satisfied with M=5. Thus, the 



encoded string becomes 5-bit long, which is less than the required length for the balanced 

data word. The 5-bit pseudo-balanced data word can be categorized into two types; the 

counts of 1s and 0s are either (2,3) or (3,2). To maintain the total driving current constant, 

the counts of 1s and 0s need to be maintained constant. To achieve this, a balancing bit is 

added to the encoded string. When the counts of 1s and 0s are (2,3), the balancing bit 

becomes 1, while it becomes 0 in the other case. As a result, the counts of 1s and 0s 

become (3,3) at all times. By adding the balancing bit, two types of disparity are reduced 

to one, inducing the encoded data word to become balanced. The balancing bit is not 

transmitted, but terminated at the transmitter after serving as a parity bit. Only 5 bits are 

transmitted and arrive at the receiver, in which the number of 1s is either 2 or 3. The 5-bit 

symbol provides enough patterns to uniquely encode the original 4-bit information and to 

recover it at the receiver. 

4.B. Measurement Results 

Two test vehicles (TVs) are fabricated, which are the power-plane-based TV and the 

PTL-based TV. The top view of the TVs is shown in Figure 16.  

 
For the power-plane-based TV, a pair of 237 mm by 52 mm planes with 0.7 mm FR4 

dielectrics is used for power and ground planes. For the PTL-based TV, a 25 ohm 

transmission line is used to feed power to the drivers. A 20-pin TSSOP-packaged octal 

driver is mounted on each board. Only 6 drivers are used for this experiment. Each is 

connected to a 203-mm long signal transmission line. The signal transmission lines are 

both series- and parallel-terminated. A series termination of 200 ohm is used to limit the 

amount of current through the I/O driver and thus reduce the current load of the driver. 

Then, each signal transmission line is terminated by a 50 ohm load through an SMA 

 

(a) 

 

(b) 

Figure 16: Top views of the test vehicles. (a) Power-plane-based TV. (b) PTL-based TV. 



connector. A 0.1 μF decoupling capacitor is placed between the power and ground pins of 

the device to respond to the sudden surge of current during transitions in both TVs. The 

stack-up details of the test boards are the same as shown in Figure 11. 

The effectiveness of the PBPTL was demonstrated using three TVs: a conventional 

power-plane-based TV (TV1); a PTL-based TV, in which the PTL is directly connected 

to the voltage source without termination (TV2); and a PTL-based TV, in which the PTL 

is source-terminated (TV2'). The test environment is shown in Figure 17. An automatic 

test equipment (ATE) system was used to provide power and ground supply voltages and 

input data patterns, as shown in Figure 17(a). The power supply voltage was 5V, and the 

target data rate was 300 Mbps. Each driver was connected to a 203-mm long channel 

through a series termination of 200 ohm to limit the amount of current through the driver 

and channel. Eye diagrams were measured at the output of the 4
th

 203-mm long channel, 

using Agilent 86100C oscilloscope. The other channels were load-terminated by 50 

ohms. Figure 17(b) shows the actual test setup in the lab.  

 

First, the noise characteristics of the output waveform are compared between TV1 and 

TV2 in Figure 18. In TV1, excessive ringing occurs, which is excited by both the 

negative and positive transitions of the output data, as shown in Figure 18(a). When a 

decoupling capacitor is added between the power and ground planes, the ESL of the 

decoupling capacitor is in parallel with the plane capacitance and the turn-on impedance 

of the driver, which forms a parallel RLC circuit. The power supply becomes an under-

damped circuit, causing ringing and noise peaking [23]. The peak-to-peak value of the 

ringing is 368 mV. Moreover, the decoupling capacitor provides a current path at the 

RPD location in TV1 so that the impact of the ESL on the waveform is manifested. The 

ringing continues to about 30 nsec before it is damped. The ringing on the waveform of 

TV2 is less severe, as shown Figure 18(b). Using PTL, a closed current loop is achieved 

without the decoupling capacitor. Thus, the role of the decoupling capacitor is more of a 

charge reservoir responding to the sudden surge of charge during the data transitions in 

TV2, which lessen the impact of the ESL. Without a plane cavity, the power supply of 

TV2 becomes a series RLC circuit with a larger damping factor when combined with the 

decoupling capacitor, the turn-on impedance of the driver, and the series/parallel 
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Figure 17: Test environment. (a) Block diagram. (b) Actual setup. 



terminations of the signal line. As a result, the peak-to-peak value of the ringing is 206 

mV, which is 44% smaller than that of TV1. The damping is achieved faster (less than 10 

nsec). The high impedance of the transmission line also contributes to the damping so 

that the waveform reaches the steady state faster. 

 
Figure 19 shows the eye diagrams of PRBS data and balanced data, which are measured 

at the output of the 4
th

 channel on TV1, TV2, and TV2'. The signal has travelled a 

distance of 203 mm along the transmission line to reach the output of the line. To 

maintain consistency, 1k samples were used to construct the eye diagrams, and 8k 

samples were used to measure the p-p jitter. First, the eye diagrams of PRBS data versus 

balanced data are compared for TV1 (Figure 19(a) vs. Figure 19(b)). The period of the 

input data is approximately one quarter of the period of the ringing so that the eye 

diagram of TV1 is deformed by the positive overshoot in both cases. As the input data 

become balanced, the transitions and fluctuations are better controlled with less variation 

and more regularity so that the quality of the eye diagram improves. Nevertheless, the 

difference between the p-p jitters is 15 psec, which is a reduction of 2% for TV1. The 

quantitative improvement is minimal due to the unresolved RPD effect. The balanced 

data stabilizes the total driving current to reduce the switching noise, but the RPD still 

causes the voltage fluctuations between the power and ground planes, which are coupled 

to the signal being transmitted [10]. Next, the eye diagram of the PRBS data is compared 

between TV1 and TV2 (Figure 19(a) vs. Figure 19(c)). The p-p jitter of TV1 is 707 psec, 

while that of TV2 is 643 psec, which is a reduction of 9.1% by replacing the power plane 

with a PTL. Also, the improved shape of the eye diagram demonstrates the effectiveness 

of the PTL in removing the RPDs and thus reducing the power supply noise.  

As the balanced signaling scheme is applied to TV2, the p-p jitter becomes 537.8 psec, as 

shown in Figure 19(d), which is an improvement of 22.2% as compared to TV1. For 

TV2, the p-p jitter is reduced by 16.4% by using the balanced data instead of the PRBS 

data. The eye diagrams of TV2', which has a 25 ohm termination at the source end of the 

PTL, are shown in Figure 19(e) and Figure 19(f). When the PRBS data are used as input 

data, the eye diagram of TV2' shows the improved jitter performance as compared to 

TV2. Since the source termination prevents multiple reflections on the PTL, the source-

terminated PTL outperforms the un-terminated PTL. However, increased supply voltage 

3.34ns

200mV
368mV

 

206mV

3.34ns

200mV

 

(a)      (b) 

Figure 18: Noise characteristic with RS=200ohm. (a) Plane-based TV. (b) PTL-based TV. 



level is required to compensate for the dc drop across the termination. In this experiment, 

the source termination results in a power penalty of 53%. When the balanced data is 

applied to TV2', the p-p jitter becomes 556 psec, which is a degradation of 20 psec as 

compared to that of TV2. Once the balanced data are used to induce constant current 

through the PTL, the source termination is not so effective in improving the waveform, 

but may cause a reverse effect. Since the multiple data is not fully synchronized, current 

fluctuations are inevitable during the data transitions. During the transitions, the source 

termination may induce the current fluctuations and produce negative results. Within 

TV2', the p-p jitter is reduced by 10.5% by using the balanced data. 

 

 

Figure 19: Received waveforms. (a) TV1 using PRBS data. (b) TV1 using balanced data. (c) 

TV2 using PRBS data. (d) TV2 using balanced data. (e) TV2' using PRBS data. (f) TV2' 

using balanced data. 



Finally, the pseudo-balanced signaling scheme is applied to TV1 and TV2. The 6
th

 bit is 

considered as the balancing bit so that the 6
th

 driver is connected to a resistor whose value 

equals the sum of the series and parallel terminations. It contributes to drawing constant 

current from the PTL, but does not increase the PCB trace count. The resulting eye 

diagrams at the output of the 4
th

 channel on TV1 and TV2 are shown in Figure 20. 

Between the balanced and pseudo-balanced signaling schemes, the jitter difference is 

minimal for both TVs: 1.6 psec for TV1, and 4.2 psec for TV2. The eye height is almost 

the same as well. It can be concluded that the pseudo-balanced signaling scheme induces 

the same performance as the balanced signaling scheme, but reduces the PCB trace count. 

 

The p-p jitter values of TV1, TV2, and TV2' using three different signaling schemes are 

summarized in Table 2. Using PTL reduced the p-p jitter regardless of the signaling 

scheme as compared to using power plane. Although the balanced signaling scheme is 

employed to reduce the power supply noise, it has its limitation when used for TV1. 

Neither the balanced nor pseudo-balanced signaling scheme solves the RPD issue in 

TV1. However, those signaling schemes do resolve the issues associated with the PTL so 

that combining either the balanced or pseudo-balanced signaling scheme with the PTL 

leads to a significant improvement in terms of p-p jitter.  

 

As the pseudo-balanced signaling scheme is applied, the p-p jitter and eye height are 

measured at the output of all five channels and are compared between TV1 and TV2 in 

Table 2 Comparison of P-P Jitter (RSERIES=200ohm). 

 
Plane-based 

PTL-based 

without termination with termination 

p-p jitter p-p jitter %△ p-p jitter %△ 

Pseudo-random 707 ps 643 ps -9.1% 620.7 ps -12.2% 

Balanced 691.7 ps 537.8 ps -22.2% 555.7 ps -19.7% 

Pseudo-balanced 693.3 ps 542 ps -21.8% 539.3 ps -22.2% 

* %△ shows the jitter improvement compared to the plane-based TV. 
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(a)      (b) 

Figure 20: Received eye diagrams of pseudo-balanced data. (a) Power plane (TV1). (b) PTL 

without termination (TV2). 



Figure 21. The dark grey bar is the measured value of TV1, while the light grey bar is 

that of TV2. The reduction rate in p-p jitter by using the PBPTL is at least 3%, and at 

most 21.8%. The improvement in terms of eye height ranges from 29.2% to 44.3%. On 

average, the PBPTL reduces the p-p jitter by 10.5% and improves the eye height by 

34.8%, as compared to using the power plane with the pseudo-balanced signaling 

scheme. This performance improvement is attributed to eliminating the RPDs and 

achieving the current balancing. Also, the interaction between the plane capacitance and 

the parasitic inductance, which has induced the anti-resonance, is prevented so that the 

improvement becomes even more significant. Since the ESL of the decoupling capacitor 

has less impact on the waveform, the placement of the decoupling capacitor on the PTL-

based board requires less complexity and cost. 

 
When the required power to transmit one bit is assumed to be P, the expected power 

consumption to transmit 4-bit PRBS data and 6-bit balanced data are compared in Table 

3. Four bits provide sixteen (=2
4
) different data patterns based on the number of high 
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Figure 21: Comparison of p-p jitter and eye height between the power-plane-based and 

PTL-based TV. (a) P-P jitter. (b) Eye height. 



states. The number of high states varies from 0 to 4. The maximum amount of current is 

drawn from the power supply in the “1111” state, consuming the maximum power. On 

the other hand, no current flows through the PDN in the “0000” state. When it is assumed 

that all the data patterns have an equal probability for its occurrence, the expected power 

consumption to transmit 4-bit PRBS data is 2·P. Using 6-bit balanced data, the number of 

high states is constant at 3. As a result, the expected power consumption becomes 3·P. 

The calculated power penalty is 50%. It is the signaling scheme that imposes the power 

penalty, not the PTL itself. The pseudo-balanced signaling scheme addresses the issues 

associated with the PTL with 50% power overhead, which is lower than that required by 

the CCPTL scheme. 

 

5. Conclusions 

By eliminating the power plane, this paper demonstrates that signal integrity can actually 

be improved. Unlike a low impedance power distribution network generally used for high 

speed signaling, this paper discusses a high impedance power distribution design concept. 

Using a technology based on power transmission lines, issues related to power supply 

noise in conventional designs can be addressed by using constant current through the 

PTL. The proposed PTL signaling schemes induce constant current regardless of the 

input data pattern. The advantages include reduction of layer counts and elimination of 

decoupling capacitors for mitigating return path discontinuities, which lead to lower cost. 

Also, the increased voltage and timing margins can be achieved. 

Table 3 Comparison of Power Consumption. 

Data Pattern Probability 

Power consumption 

Pseudo 

random 
Balanced  

1 0000 0.0625 0 0.1875·P 

2 0001 0.0625 0.0625·P 0.1875·P 

3 0010 0.0625 0.0625·P 0.1875·P 

4 0100 0.0625 0.0625·P 0.1875·P 

5 1000 0.0625 0.0625·P 0.1875·P 

6 0011 0.0625 0.125·P 0.1875·P 

7 0101 0.0625 0.125·P 0.1875·P 

8 1001 0.0625 0.125·P 0.1875·P 

9 0110 0.0625 0.125·P 0.1875·P 

10 1010 0.0625 0.125·P 0.1875·P 

11 1100 0.0625 0.125·P 0.1875·P 

12 0111 0.0625 0.1875·P 0.1875·P 

13 1101 0.0625 0.1875·P 0.1875·P 

14 1011 0.0625 0.1875·P 0.1875·P 

15 1110 0.0625 0.1875·P 0.1875·P 

16 1111 0.0625 0.25·P 0.1875·P 

Total Power Consumption 2·P 3·P 

* The required power to transmit 1 bit of high state is assumed to be P. 



Constant flow of current through the PDN is one solution proposed to address the PTL-

related issues. Constant current removes the dynamic characteristics of the dc drop by 

inducing a fixed amount of dc drop over the PTL. Moreover, constant current keeps the 

PTL fully charged at all times, and thereby eliminates the process of repeatedly charging 

and discharging the power transmission line. The CCPTL scheme maintains constant 

current flow regardless of the input data pattern. Early results on the CCPTL scheme 

have been discussed along with the measurements. The CCPTL scheme severs the link 

between the current flowing through the PTL and the output data of the I/O driver 

connected to it. Also, it eliminates the charging and discharging process of the PTL, 

thereby completely eliminating power supply noise in idealistic situations.  

To reduce any associated power penalty, the PBPTL scheme is also proposed using the 

PTL concept. A pseudo-balanced signaling scheme, which uses an encoding technique to 

map N-bit data onto M-bit encoded data with fixed number of 1s and 0s, is applied. When 

the pseudo balanced signaling scheme is combined with the PTL, the jitter performance is 

demonstrated to improve significantly as compared to currently practiced design 

approach. 

Custom designed ICs have been fabricated to demonstrate both the CCPTL and PBPTL 

schemes. For further reduction of power consumption, the constant voltage PTL scheme 

is being pursued at Georgia Institute of Technology. 

References 

[1] J. Zhang, Q.B. Chen, K. Qiu, A.C. Scogna, M. Schauer, G. Romo, J.L. Drewniak, 

and A. Orlandi, “Design and modeling for chip-to-chip communication at 20 

Gbps,” in Proc. Symp. onElectromagn. Compat., pp. 467–472, July 2010. 

[2] D. Oh, F. Ware, W. Kim, J. Kim, J. Wilson, L. Luo, J. Kizer, R. Schmitt, C. Yuan, 

and J. Eble, “Study of signal and power integrity challenges in high-speed memory 

I/O designs using single-ended signaling schemes,” DesignCon, Feb. 2008. 

[3] T. Wang and F. Yuan, “A New Current-Mode Incremental Signaling Scheme With 

Applications to Gb/s Parallel Links,” IEEE Trans. on Circuits and System I, vol. 54, 

no. 2, pp.255–267, Feb. 2007. 

[4] M. Stan and W. Burleson, “Bus-invert coding for low-power I/O,” IEEE Trans. 

Very Large Scale Integr. Syst., vol. 3, no. 1, pp. 49–58, Mar. 1995. 

[5] A. Carusone, K. Farzan, and D. Johns, “Differential signaling with a reduced 

number of signal paths,” IEEE Trans. on Circuits and System II, vol. 48, no. 3, pp. 

294–330, Mar. 2001. 

[6] L. G. Tallini and B. Bose, “Design of Balanced and Constant Weight Codes for 

VLSI Systems,” IEEE Trans. on Computers, vol. 47, pp.556–572, May. 1998. 

[7] J. Y. Sim, “Segmented group inversion coding for parallel links,” IEEE Trans. on 

Circuits and System II, vol. 54, no. 5, pp. 328–332, Apr. 2007. 

[8] D. Oh, F. Ware, W.P. Kim, J.-H. Kim, J. Wilson, L. Luo, J. Kizer, R. Schmitt, C. 

Yuan and J. Eble, “Pseudo-differential signaling scheme based on 4b/6b multiwire 

code,” in Proc. Electr. Perform. Electron. Packag., pp. 29-32, Oct. 2008. 

[9] M. Swaminathan, D. Chung, S. Grivet-Talocia, K. Bharath, V. Laddha, and J. Xie, 

“Designing and Modeling for Power Integrity,” IEEE Trans. Electromagn. Compat., 



vol. 52 , no. 2, pp. 288-310, May 2010. 

[10] Istvan Novak, “Lossy Power Distribution Networks With Thin Dielectric Layers 

and/or Thin Conductive Layers,” IEEE Trans. Adv. Packag., vol. 23, no. 3, pp. 

353-360, Aug. 2000. 

[11] D. Balaraman, J. Choi, V. Patel, P. M. Raj, I. R. Abothu, S. Bhattacharya, L. Wan, 

M. Swaminathan, and R. Tummala, “Simultaneous Switching Noise Suppression 

Using Hydrothermal Barium Titanate Thin Film Capacitors,” in Proc. Electronic 

Components and Technology Conference, pp. 282-288, June 2004. 

[12] P. Muthana, M. Swaminathan, E. Engin, P. Markondeya Raj, and R. Tummala, 

“Mid frequency decoupling using embedded decoupling capacitors,” in Proc. Electr. 

Perform. Electron. Packag., pp. 271-274, Oct. 2005. 

[13] J M. Hobbs, H Windlass, VSundaram, S. Chun, G. E. White, M.Swaminathan, and 

R. Tummala, “Simultaneous Switching Noise Suppression for High Speed Systems 

Using Embedded Decoupling,” in Proc. Electron. Compon. Technol. Conf., pp. 

339-343, May 2001. 

[14] E. Diaz-Alvarez, J. P. Krusius, and F. Kroeger, “Modeling and simulation of 

integrated capacitors for high frequency chip power decoupling,” IEEE Trans. 

Components and Packaging Technologies, vol. 23, no. 4, pp. 611- 619, Dec. 2000. 

[15] M. Swaminathan and A. E. Engin, Power Integrity Modeling and Design for 

Semiconductor and Systems, Prentice Hall, 2007. 

[16] A.E. Engin and M. Swaminathan, “Power Transmission Lines: A New Interconnect 

Design to Eliminate Simultaneous Switching Noise” in Proc. Electron. Compon. 

Technol. Conf., pp. 1139-1143, May 2008. 

[17] S. Huh, M. Swaminathan, and D. Keezer, “Constant Current Power Transmission 

Line based Power Delivery Network for Single-Ended Signaling,” IEEE Trans. 

Electromagn. Compat., vol. PP, no. 99, pp. 1-15, 2011. 

[18] S. Huh, M. Swaminathan, and D. Keezer, “Constant Current Power Transmission 

Line based Power Delivery Network for Single-Ended Signaling with Reduced 

Simultaneous Switching Noise,” in Proc. Workshop on Signal Propag. Interconn., 

pp. 47–50 , May 2011. 

[19] S. Huh, M. Swaminathan, and D.Keezer; “Low-Noise Power Delivery Network 

Design using Power Transmission Line for Mixed-Signal Testing,” IEEE 17th 

IEEE International Mixed-Signal, Sensors, and Systems Test Workshop (IMS3TW), 

2011. 

[20] “Characteristic impedance,” http://www.allaboutcircuits.com/vol_2/chpt_14/3.html 

[21] Sphinx V2.5, 2010; E-System Design. [Online]. Available: http://www.e-

systemdesign.com/ 

[22] S. Huh, M. Swaminathan, and D. Keezer, “Pseudo-Balanced Signaling Using 

Power Transmission Line for Parallel Link,” in Proc. Symp. On Electromagn. 

Compat., Aug. 2011. 

[23] K. Kundert, “Power supply noise reduction,” The Designer’s Guide Community, 

Jan. 2004. 

http://www.allaboutcircuits.com/vol_2/chpt_14/3.html

