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Abstract 

The industrious evolution and convergence of digital computing have been driving semi-conductor technology to continue its 

fruition, following Moore’s law in today’s nanometer regime [1]. In modern high-speed and high-density digital designs, power 

distribution networks (PDNs) using power and ground plane are commonly used where decoupling capacitors are necessary to 

provide charge for logic transitions and, at the same time, to mitigate the noise and Electromagnetic interferences generated during 

device switching. Continuous increase the demands of higher data rates, reducing power consumption requirements while further 

compacting the design body, PDN design becomes increasingly challenging. Adding more filtering components may presents a 

seemingly unresolvable conflict with the industry trends for lower cost and design that is more compact. This paper discussed the 

general trends in Electromagnetic Compatibility analysis and critical issues of Signal and Power integrity to deal in high-speed 

PCB level designs. The simulation tool used in simulations is Hyper Lynx by Mentor Graphics.  
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I. INTRODUCTION 

Integrity means ‘complete and unimpaired’. Likewise, a digital signal with good integrity threshold levels has smooth and fast 

transitions, stable and valid logic levels; accurate placement in time and clearly nil transient and overshoot issues. Evolving 

technology makes it enormously conundrum for system developers to maintain the perfect logic levels of digital signals in high-

speed digital systems. This paper highlights some critical signal integrity-related problems in digital systems to describe their 

causes, characteristics, effects and solutions. The integrity of a signal in real-world applications is compromised by artefacts of the 

layout of the circuits on a printed circuit board (PCB), the type of IC package being used, and is impacted by the circuit logic 

family, power delivery network, and other aspects of high-speed digital design [1]. It has been over twenty years since the personal 

computer emerged and almost as long since cellular telephony went from being a novelty to a consumer necessity. For both, one 

trend has remained constant: the demand for more features and services, and the need for more bandwidth to deliver them. First-

generation PC users were excited about the power of creating a simple spreadsheet. Now they demand detailed graphics, high-

quality audio and fast-streaming video. In addition, cell phones are hardly a tool anymore for just conversation. 

Our much-smaller world now depends on increasingly more content and its rapid, reliable delivery. The term “Information Age” 

was coined to describe this new interwoven, interdependent, data-based culture. With the Information Age has come a steady 

stream of technology breakthroughs in the fields of semiconductors, PC bus architectures, network infrastructures, and digital 

wireless communications [2]. In PCs— and especially in servers— processor speeds have escalated into the multi-GHz range, and 

memory throughput and internal bus speeds have risen right along with them.  

These dramatically increased rates support computer applications such as 3D games and computer-aided design programs. 

Sophisticated 3D imagery and high processing graphics computing requires a huge amount of bandwidth at the circuit board level, 

where the CPU, the graphics subsystem, and the memory has to move data, constantly, as the image moves [1]. 

Numerous technologies are pushing these data rate advancements. Serial buses are emerging to break the speed barriers inherent 

in older, parallel bus architectures. In some cases, system clocks are intentionally dithered to reduce unintended radiated emissions. 

And smaller, denser circuit boards using ball grid array ICs and buried vias have become common as developers look for ways to 

maximize density and minimize path lengths. 

Today’s digital bandwidth race requires innovative thinking. Bus cycle times are now up to a thousand times faster than they 

were twenty years ago. Transactions that once took microseconds are now measured in nanoseconds. To achieve this improvement, 

edge speeds today are now a hundred times faster than before. 

Circuit board technology, however, has not kept pace because of certain physical realities. The propagation time of inter-chip 

buses has remained virtually unchanged. Although geometries have shrunk, circuit boards still need sufficient space for IC devices, 

connectors, passive components, and of course, the bus traces themselves [1]. This space equates to distance, and distance means 

delay— the enemy of speed. 

It is incumbent to remember that the tr rise time of digital signal can carry much higher frequency components then its repetition 

rate might imply. The high frequency components in a signal create the desired fast switching transitions in a digital signal. With 

today’s high-speed serial bus like PCIe, Interlaken, SGMII/QSGMII and SATA having average data rates of 5 Gbps [3], there is 

often significant energy at the 5th harmonic of clock rate. 
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As a result, circuit board traces just five inches long become transmission lines when driven with signals exhibiting edge rates 

below four to six nanoseconds. Circuit board traces are no longer simple conductors. At lower frequencies, a PCB trace exhibits 

mostly resistive characteristics. As frequencies increase, a trace begins to act like a capacitor. At the highest frequencies, a trace’s 

inductance plays a larger role. Signal integrity problems increase at higher frequencies. Transmission line effects are critical. 

Impedance discontinuities along the signal path create reflections, which degrade signal edges [4]. Crosstalk increases. Power 

supply decoupling becomes far less effective, as ground planes and power planes become inductive and act like transmission lines. 

II. DESIGN TRADEOFFS IN HIGH-SPEED DESIGN 

The design and development of high data-rate hardware design for different engineering models like satellite RF payload systems, 

imaging payload systems comprising of PCIe interfaces and other high-speed subsystem interfaces must require SI and PI pre-

layout and post-layout analysis during hardware design. This ensures that the system will work perfectly over the desired data rate.  

As data rates increase to the gigabit range and beyond, digital designers face all the frustrations that come with high frequency 

design. An ideal digital pulse is cohesive in time and amplitude, is free from deviations and jitter, and has fast, clean transitions 

[5]. 

As system frequency and data rate increases, it becomes increasingly more complex to assert ideal signal characteristics, 

requiring meticulous consideration of signal integrity issues.  

 Typical SI and PI Issues 

1) Reflections. 

2) Termination. 

3) Cross talk noise. 

4) Power/Ground plane noise. 

5) Decoupling. 

6) Power Distribution. 

Actual realization of these above topics are presented here along with HyperLynx simulation results. 

Reflections can be caused by termination and board layout problems, where the outgoing signal bounces back toward its source 

and interferes with subsequent pulses. Impedance change in the transmission line for any reason causes the reflection of the 

electromagnetic wave back towards it source. 

 
Fig. 1: Reflections 

Reflections that add to the incident voltage level are overshoot, no matter if they are positive going or negative going. 

Reflections that subtract from the incident voltage level are undershoot, no matter if they are positive going or negative going.  

In high data rate FPGA based card, a schematic is discussed below where a vertex 5 Xilinx FPGA driver is driving multiple 

DDR2 memories in a daisy chain configuration. 
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Fig. 2: Vertex 5 Xilinx FPGA sending data to three DDR2 Memories at 250 Mbps 

The simulation results are as follows. 

 
Fig. 3: Simulation of clock signals from Vertex 5 FPGA to DDR2 memory 

The disastrous ringing effects can be seen; moreover, the amplitude of output at the receiver DDR2 is above threshold levels. 

The amplitude of the waveforms at the receiver (DDR2) memories are too high, as compared to their standard level. The input 

voltage (Vin-h) for Micron DDR2 in 1.15V but it can be seen from the fig-3 that it is approx. 2.8V, which is unacceptable. To 

mitigate these effects an AC parallel termination scheme is used at the receiver end.  

Due to increased driver power dissipation and receiver failsafe concerns, AC parallel termination proves effective. The DC loop 

current required by the termination resistor RT, is often too large in order to be useful for power conscious applications or for 

switched control lines. In asynchronous applications, only parallel termination's is not able to ensure receiver failsafe during idle 

bus states, which in turn makes the system susceptible to errors such as false start bits and framing errors. 

The primary reason for the AC termination, however, grew out of the need for effective transmission line termination with 

minimal DC loop current [6]. 

 
Fig. 4: Vertex 5 Xilinx FPGA sending data to three DDR2 Memories at 250 Mbps using AC parallel termination 
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 By adding AC-parallel termination, i.e. R 50 ohms and C 196pF to the receiver side the undesirable effects of ringing greatly 

reduced. 

 
Fig. 5: Simulation of clock signals from Vertex 5 FPGA to DDR2 memory after AC parallel termination 

 Analysis through Eye Diagramming: 

An eye diagram is a common indicator of the quality of signals in high-speed digital transmissions. An oscilloscope generates an 

eye diagram by overlaying sweeps of different segments of a long data stream driven by a master clock. In an ideal world, eye 

diagrams would look like rectangular boxes. In reality, communications are imperfect, so the transitions do not line perfectly on 

top of each other, and an eye-shaped pattern results. When high-speed digital signals are transmitted, the impairments introduced 

at various stages lead to timing errors. One such timing error is “jitter,” which results from the misalignment of rise and fall times. 

Jitter occurs when rising or falling edges occur at times that differ from the ideal time. Some edges occur early, some occur late. 

In a digital circuit, all signals are transmitted in reference to clock signals. The deviation of the digital signals because of reflections, 

inter-symbol interference, crosstalk, and other factors amounts to jitter [7]. 

 
Fig. 6: Eye Diagram Specifications [8] 

The combined eye diagramming analysis of the previous schematic can be analysed using HyperLynx. This fig explains the eye 

diagram of the signals without using the AC-parallel termination scheme. It is seen obviously the different rise and fall time of 

each, creates too much jitter in this eye diagram, which is not suitable for the communication purpose. 
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Fig. 7: Eye diagram without AC-parallel termination scheme (HyperLynx) 

After imparting the AC-parallel termination scheme, the significant decrease in jitter can be seen in fig- 8. 

 
Fig. 8: Eye diagram with AC-parallel termination scheme (HyperLynx) 

Certain methods are applied to mitigate the effects of reflections in PCB traces, like controlling trace characteristic impedance 

through trace geometry and dielectric constant, by eliminating stubs, by choosing appropriate termination schemes and by using a 

solid metal plane as the reference plane for return current. 

Termination schemes (RC, AC, and Thevenin) terminations are added in the circuit to minimize the effects of reflection and to 

match the overall impedance of the circuit. 

Parallel termination at the receiver reduces the over/under shoot. Series termination at the transmitter reduces the ringing; Ac 

termination is used for limiting the reflections during the transition time. 

Consider terminations whenever in a high-speed system the passive propagation delay is a non-negligible fraction of rise/fall times. 

Safe limit to ignore the termination is: 

2tpd < 0.1tr 

Crosstalk occurs when there is coupling of energy from aggressor signal to victim signal in terms of the interference of electric 

and magnetic field. Electric field is coupled via mutual capacitance between the signals. On the other hand, magnetic field is 

coupled via mutual inductance between the signals. When the electric field dominates, it is because the stray capacitive coupling 

between the two transmission lines is larger than the stray magnetic coupling [2]. This is called capacitive coupling. This form of 

coupling occurs when traces run one over the top of the other in the adjacent signal layers of a PCB. 

The magnetic field dominates when the magnetic coupling between the two transmission lines is larger than the capacitive 

coupling. This is often called magnetic coupling. This form of coupling occurs when traces run side by side in the same signal 

layer of a PCB. 

Realization of the crosstalk effect is explained in a schematic comprising of two adjacent traces in clock signals from vertex 5 

FPGA to DDR2 RAM. 
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Fig. 9: Crosstalk schematic between two traces 8 mil apart of high-speed clock signal at 250 Mbps data rate 

The aggressor and victim traces clearly distorts each other signal levels in fig- 10. The traces are routed on adjacent planes due 

to which the inter-plane electromagnetic interference cause the signal levels to distort greatly.  

 
Fig. 10: Crosstalk effects in an Aggressor and Victim traces 

 Design techniques to prevent crosstalk: 

1) Interleaved routing shall be implemented on microstrip, versus non-interleaved routing on stripline between tightly coupled 

pairs. 

2) The minimum space between the aggressor and victim pair is set during routing. 

3) Minimize parallel routed traces length. 

4) Locate components away from I/O interconnects and other areas susceptible to data corruption and coupling [9]. 

5) Partition or isolate high noise emitters onto different layers within stack up assignments. 

6) Provide termination on impedance-controlled traces, or traces rich in RF harmonic energy. 

Ground Bounce – Ground bounce or simultaneous switching noise SSN, caused by excessive current draw (and/or resistance in 

the power supply and ground return paths) [10], can cause a circuit’s ground reference level to shift when current demands are 

high. 

The Vcc and Gnd connection between the IC pin and the die has some inductance – and across that inductance, we will have a 

voltage whenever the current changes [11]. 

Decoupling is mandatory to minimize inductance and maximize EMI performance. The main purpose of the decoupling 

capacitor is to provide charge (current) to the IC during the time the IC requires it. The main time-varying current draw for most 

CMOS ICs is when the IC is driving signals onto I/O traces on the PCB [12]. 

When the capacitors provide the charge the IC requires, the noise between the power and ground-reference planes is minimized 

and the effective impedance between the planes is low. The limitation of the impedance at low frequencies is the total capacitance 

and at higher frequencies, the limitation is from the various portions of inductance in the current path [13]. 

Low frequency noise requires larger electrolytic capacitors, which act as charge reservoirs to transient currents. High frequency 

power supply noise is best reduced with low inductance surface mount ceramic capacitors connected directly to the power supply 

pins of the IC. All decoupling capacitors must connect directly to a low impedance ground plane in order to be effective [14].  
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Fig. 11: Impedance of various 100uf capacitors [13] 

After defining the PCB stackup, the discrete decoupling capacitors inductance can be further minimized with careful placement. 

The primary purpose of these discrete capacitors is to replenish the charge between the planes in time for the IC to draw more 

charge during the next cycle. Increasing the no of decoupling capacitors does not make a difference always as, it turns out that the 

apparent inductance seen between the planes and capacitor pads does not decrease as 1/N as might be thought. This is due to mutual 

inductance between the vias when the capacitors are closely spaced (as in common practice). 

This mutual inductance can be cancelled for closely spaced decoupling capacitors by simply alternating the power and ground-

reference pads on the PCB.  

Via configuration is also responsible for change in inductance. 

Power delivery network (PDNs) main goal is to provide clean power and reference voltage to the active components on the 

PCB. For example, FPGA’s and other critical components need clean power to meet their maximum operating frequency (fmax) 

specifications [15]. A power delivery network has an impedance (ZPDN) associated with the path from a voltage regulator module 

(VRM) to the FPGA. The magnitude of noise (voltage ripple) seen on a given power rail is proportional to the impedance (ZPDN) 

and the transient current (ITRANSIENT) draw associated with that rail. 

Based on Ohms law: 

VRIPPLE = ITRANSIENT x ZPDN 
Table – 1 

Comparison of Decoupling Capacitor via Separation Distance Effects 

Via Separation (mils). Inductance (nH) Impedance @ 1 GHz (ohms) 

20 0.06 0.41 

60 0.36 2.33 

80 0.5 3.1 

100 0.64 4.0 

150 1.0 6.23 

200 1.4 8.5 

300 2.1 12.69 

400 2.75 17.3 

500 3.5 21.7 

 
Fig. 12: Transient Definition 
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The good design tradeoffs for excellent PDN is as follows: 

1) By placing the vias as close as possible to the capacitors. Placing the vias such that the opposite current polarity vias are close 

together and the same polarity vias are far away from one another [16]. 

2) By using short, wide surface traces to connect the capacitor pads to the vias. 

3) By placing the decoupling capacitors on the top/bottom, surface of the PCB closest to their corresponding ground/power 

planes. 

4) Design Scenarios for capacitor mounting and spreading inductance [13]:  

Table 2 

S.No. Parameter Description Parameter Values 

1 Cap size 0402 

2 Length of Cap (mils) 40 

3 
Width of surface traces 

(mils) 
50 

4 
Length of surface trace 

(mils) 10 

5 Trace loop inductance (pH) 614 

6 Diameter of vias (mils) 26 

7 Via pitch (mils) 50 

8 Length of via (mils) 4 

III. POST LAYOUT SI/PI ANALYSIS AND RESULTS 

In this section, Post-layout SI and PI analysis of high-speed 20-layer FPGA based board exhibiting image compression and data 

packetization at 250 Mbps has been discussed to evaluate the significance of SI/PI in high-speed digital systems. In addition, the 

counter measures as discussed above are applied to amend the complex issues. 

 Post-Layout SI Analysis 

SI analysis of I/Q LVDS data of Actel ASIC Pro-3 FPGA at 250 Mbps has shown here without imparting the Signal Integrity 

constraints. The differential trace length of approximately 4.5 inches is maintained at an impedance of 100 Ohms estimated.  

Although low voltage differential signals (LVDS) already immune to system noise, cross talk, and electromagnetic emissions still 

need counter measures for Signal Integrity. 

 
Fig. 13: In-phase data signal from FPGA to LVDS Buffer @ 250Mbps 

Meanwhile the response is extremely terrible and not according to the standard LVDS levels as shown in fig- 14. 

The below mentioned response is at transmitter (FPGA side) as the 100 Ohm termination scheme is not implemented here.  
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Fig. 14: Differential voltage and Common-mode signals levels at FPGA without 100 Ohm termination 

These LVDS signal levels are not close to the standard ones. 

The standard LVDS levels are: 
1 Vpp (Peak) 2.5 V 

2 Vos (offset) 1.2 V 

3 Differential Voltage Swing 350 mV 

By following the SI constraints and using LVDS termination scheme at the receiver side (LVDS BUFFER), the following 

response appears, mitigating the effects of ringing and overshoot significantly. 

 
Fig. 15: Differential voltage and Common-mode signals levels at FPGA after 100 Ohm Termination 

The tabulated results are as follows: 
S.No Parameters Observed LVDS Standard 

1 Vpp 2.75 V 2.5 V 

2 Vos 1.26 V 1.2 V 

3 Voh (high) 1.8 V 1.4 V 

4 Vol (low) 0.6 V 1.05 V 

These results are as close to the standard LVDS signal levels. 

 Post-Layout PI Analysis 

Post-Layout Power Integrity analysis of same FPGA based board having 12 V as main supply and power planes of 3.3V and 1.5V, 

distributed through voltage regulators (VRMs) explained here. 

The decoupling analysis of the decoupling capacitors comprising of 3.3 V distributed supply with respect to ground is shown below 

the characteristic impedance of PDN is calculated from the formulae: 

ZTarget
 

=
PowerSupplyVoltage (3.3V)  × (Allowed Ripple)

Current
 

By adding the peak transient current = 500mA with 5% allowable ripple at the nominal voltage of 3.3 V, the target impedance 

of the PDN is calculated as 330 mOhms. 

The decoupling analysis response without the decoupling capacitors is shown in fig- 16. 

In the response the frequency curve stays close to the target impedance curve and crosses at 88 MHz although the high data rate 

signals are switching at 250 MHz, this 3V3 power plane is therefore not feasible for higher data rates like greater than 90MHz 

unless decoupling capacitors are placed close to the main critical IC’s exhibiting fast switching.  
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Fig. 16: Decoupling Analysis of 3.3V power plane with respect to ground without decoupling capacitors. 

By placing the decoupling capacitors alongside all the critical components exhibiting EMI noise and fast switching, in a same 

high-speed FPGA based board, in a placement fashion as discussed in the design tradeoffs before. 

 
Fig. 17: Decoupling Analysis of 3.3V power plane with respect to ground after placing decoupling capacitors. 

The analysis response (frequency) is within the target impedance range until 260 MHz after that it go beyond the limit range. 

Therefore, the PDN works perfectly with in this range. 

IV. CONCLUSION AND DISCUSSION 

This paper presents the design tradeoffs and critical issues in high-speed digital system design and significance of Signal and Power 

integrity constraints in high-speed system design. The proposed tradeoffs in design that is a 20-layer FPGA based board comprising 

of high data rate image compression according to JPEG2000 standard, significantly improve the performance and simulated results 

on Hyper Lynx with pre-layout and post layout comparisons. Differential signals in the card are the most critical one and the exact 

LVDS signal levels are mandatory for the optimal performance of the components and system. . Once potential issues have been 

identified, PCB layout can be constrained, to improve performance, and termination strategies can be applied to minimize the 

impact of signal integrity on the overall performance of a high-speed design. By addressing the proposed signal-integrity and power 

integrity constraints, a high-performance system is developed with higher reliability and lower cost.  
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