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ABSTRACT 

 

 A Software Defined Radio for Ultra Wideband (UWB) 

communication systems places several stringent 

requirements on the Analog to Digital Converter (ADC).  

The ADC must have a sufficiently fast sampling frequency 

and SNR to accurately reconstruct the received UWB pulse.  

Such an ADC can be prohibitively expensive, as well as 

challenging to interface with a DSP or FPGA. 

  An alternative approach is to sample the received signal 

with multiple slower ADCs operating on interleaved 

sampling clocks.  Such a system operates as if it were a 

single ADC operating at a much higher sampling rate; 

however, gain, offset, and timing mismatches can 

significantly degrade the overall system performance.  This 

paper presents simulation results for UWB pulses sampled 

using an 8-ADC Time Interleaved Sampling architecture 

running at an aggregate sampling rate of 8 GS/s.  The results 

indicate that the performance of the system is primarily 

constrained by ADC gain and timing mismatches. 

 

1. INTRODUCTION 

 

 Software Defined Radios (SDR) have the potential of 

changing the fundamental usage model of wireless 

communications devices, but the capabilities of these 

transceivers are often limited by the speed of the underlying 

ADCs, DSPs, and FPGAs.  A SDR UWB receiver provides 

tremendous flexibility and rapid prototyping capabilities 

over a fixed hardware implementation [1].  Such a receiver 

has the capability of supporting multiple data rates, 

modulation or multiple access schemes, and can adapt to the 

propagation environment.  Currently, state-of-the-art UWB 

communication systems are composed of custom-developed 

hardware, and do not use SDR architectures.  Several major 

challenges are involved in developing such a communication 

testbed—extremely high sampling rates, huge amounts of 

input/output data, and a tremendous amount of digital 

processing power.  These challenges are particularly 

daunting when Commercially available Off-The-Shelf 

(COTS) components are used in the development of such a 

system.  For example, accurately reconstructing a 500 

picosecond UWB pulse requires a sampling frequency of at 

least 8 GHz.  Because using a single 8 GS/s ADC would be 

extremely expensive, the following alternative techniques 

have been discussed in the literature: 

• Equivalent Time Sampling [2, 3] where multiple UWB 

pulses are transmitted per data bit.  At the receiver, an 

ADC running at a low sampling frequency samples each 

received pulse at a slightly different point in time.  

These samples can then be combined to reconstruct an 

approximation of the received signal. 

• Frequency Domain Sampling [4] where the received 

UWB pulse is passed through a filter bank and 

separated into a number of different spectral regions.  

An ADC in each spectral region is able to determine the 

amount of energy present in that region.  An IFFT 

operation can then be used to reconstruct the received 

signal. 

• Time-Interleaved Sampling (TI Sampling)—where 

multiple ADCs sample the received signal at different 

points in time in a round-robin fashion—can be used to 

achieve the target sampling frequency [1, 5, 6].  The 

ADC sampling clocks are offset from each other by a 

specific amount, so that each ADC samples the received 

pulse at a slightly different point in time, as illustrated 

in Figure 1.  The samples can then be combined to 

reconstruct the received signal. 

 Both Equivalent Time Sampling and Frequency Domain 

sampling systems have significant disadvantages.  An 

Equivalent Time Sampling receiver is restricted to 

transmitting multiple UWB pulses per data bit, thus, the data 

rate will always be lower than the pulse rate.  The Frequency 

Domain Sampling receiver allows the transmission of one 
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UWB pulse per data bit, but requires a high-quality analog 

filter bank, as well as devoting processing resources to 

performing the IFFT operation.   

 The TI Sampling receiver combines the best aspects of 

both receivers—the use of lower speed/lower cost ADCs to 

sample the received signal along with the ability to transmit 

one data bit per UWB pulse.  Additionally, the TI Sampling 

receiver operates as if it used a single ADC operating at N 

times the individual ADC sampling rate (where N is the 

number of ADCs).  Therefore, the effective sampling 

frequency of the receiver can be described by the following 

equation: 

SS Nff
Effective

=  (1) 

 Where 
EffectiveSf  is the effective sampling frequency, 

N  is the number of ADCs, and Sf  is the sampling 

frequency of an individual ADC.  The TI Sampling receiver 

does, however, suffer from performance degradation due to 

timing, gain, and offset mismatches between ADCs. 

 

  
(a) (b) 

Figure 1:  (a) TI-Sampling Illustrated using four ADCs.  The first ADC samples the received signal at Point A, the second 

at Point B, the third at Point C, and the fourth at Point D.  (b) The FPGA is then able to reconstruct the received signal as 

if it were sampled by a single ADC, from [7]. 

 
Figure 2:  A block diagram of the UWB SDR receiver. 
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2. OVERVIEW OF THE RECEIVER 

ARCHITECTURE 

 

 A basic block diagram of the receiver is given in Figure 

2, and a detailed description is contained in [1].  Essentially, 

the receiver consists of an analog RF front end, the ADC 

and clock distribution bank, the FPGA, and a USB 2.0 

interface device.   The RF front end utilizes several ultra-

broadband amplifiers, attenuators, and filters and feeds the 

received signal to the ADCs.  A thorough discussion of the 

details of the RF front end is, however, beyond the scope of 

this paper.  A bank of eight Maxim IC MAX104 ADCs is 

used to sample the input analog signal.  The samples are 

then sent to a Xilinx VirtexII-Pro FPGA for digital 

processing.  For a target 100 Mbps data rate, UWB pulses 

are transmitted once every 10ns.  To achieve the target data 

rate, the system is assumbed to be operating in a very short 

range, line-of-sight channel with minimal multipath. 

 The MAX104 ADCs have an analog input bandwidth of 

2.2 GHz, and therefore, the transmitted UWB pulse duration 

was chosen at 500 picoseconds.  The MAX104 ADCs also 

have a maximum sampling frequency of 1 GHz, and 8 bits 

of quantization.  Accurately reconstructing the transmitted 

pulse in the digital domain requires a sampling rate of 8 

GHz, and therefore, the ADC bank consists of eight ADCs, 

each operating at a 1 GHz sampling frequency.  At the target 

data rate (100 Mbps), an 8 GHz sampling rate results in 

exactly 80 samples per UWB pulse.   

 As discussed previously, the performance of a TI 

Sampling architecture is highly dependent on matching the 

individual ADC gains, offsets, and timing delays [8].  

Mismatches may result in a significant distortion of the 

received signal, which can be thought of as noise added to 

the ideal received signal by the TI Sampling process.  Thus, 

it is possible to define a Signal-to-Noise-Ratio (SNR) which 

quantifies how much noise is added to a received UWB 

pulse by TI Sampling as compared to sampling with a single 

ADC operating at the effective sampling frequency [10]: 
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 Where EffectiveSNR  the Effective SNR of the TI-

Sampling system, including both quantization noise and TI-

Sampling mismatch noise (dB), B  is the number of bits of 

quantization for an individual ADC, τ is the UWB pulse 

width (seconds), T  is the time between successive UWB 

pulses (seconds), ix  is the amplitude of the i
th

  sample value 

for the signal sampled by a single ADC, iy  is the amplitude 

of the ith sample value for the signal sampled by the time-

interleaved ADCs, and N  is the number of samples per 

UWB pulse. 

 

3. SIMULATION DESIGN 

 

 In an attempt to quantify how ADC mismatches 

impacted the SNR of the system, a series of simulations 

were performed.  Three different UWB pulse widths were 

investigated: a 1.0 nanosecond Gaussian monocycle, a 1.5 

nanosecond Gaussian monocycle, and a 2.0 nanosecond 

Gaussian monocycle.  For each pulse width, four separate 

simulations were performed:   

• Gain Mismatch  

• Offset Mismatch  

• Timing Mismatch 

• Total Combined Mismatch 

 For each simulation, the UWB pulse had an amplitude 

equal to the full-scale ADC input range.  The pulse rate was 

set at 100 Mpulses/sec, the effective sampling rate set at 8 

GHz and 8 bits of quantization, which leads to 80 ADC 

samples per received UWB symbol.  The simulation 

approach was a semi-analytic simulation with each of the 8 

ADCs operating at an individual sampling frequency of 1 

GHz.  Simulation runs were governed by Equation 3, which 

has been adapted from [8] for use with a Gaussian 

Monocycle.  In Equation 3, A is the amplitude of the pulse, 

Gi is the gain of the i
th

 ADC, TS is the sampling time 

interval, equal to the inverse of the effective sampling 

frequency (in this simulation TS = 125 picoseconds), δti is 

the deviation from the ideal sampling instance for the ith 

ADC, osi is the offset from the ideal Input/Output 

characteristic for the i
th

 ADC, and m is an integer index. 

 For each simulation run, Gain, Offset, and Timing 

mismatches were allowed to vary randomly up to a pre-

defined maximum allowed deviation.  Twenty maximum 

allowable deviations were chosen as fixed percentages (0-

100%) of the maximum possible Gain, Offset, and Timing 

mismatches for the MAX104 ADCs (±50% Gain mismatch, 

±5.5 Least Significant Bit Offset mismatch, and ±125 ps 

timing mismatch).  For every maximum allowable deviation, 

25,000 UWB pulses were simulated.  The resulting SNR 

degradation was calculated for every pulse, and the results 

were averaged over all 25,000 pulses.  

 

4. SIMULATION RESULTS 

 

4.1 Gain Mismatch Simulation 

 

 The maximum gain variation between the individual 

MAX 104s is specified at ± 5% [9].  However, due to non-

ideal RF components, the worst-case potential mismatch was 

estimated at ± 50%.  For simulation purposes, the nominal 
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gain was set at 1.0.  Gain offsets were simulated from 0% 

variation (perfect gain matching) to ±100% allowable 

variation (±50% gain mismatch).  Thus, for a 100% 

variation, the gain of an individual ADC could vary from a 

minimum of 0.5 to a maximum of 1.5.  Gains were randomly 

varied for each individual UWB pulse, but remained fixed 

for the duration of the pulse.  Simulation results are given in 

Figure 3a.  Note that the SNR performance is independent of 

the pulse width, as noise introduced by gain mismatches is 

proportional only to the magnitude of the input signal and 

the amount of gain mismatch across the ADC array [10, 11].  

From the figure, a 6 dB degradation in the pulse SNR occurs 

at ±5% variation; at ±100% variation, SNREffective reduces to 

a minimum of about 18 dB.   

 

4.2  Offset Mismatch Simulation 

 

 The maximum offset variation between the individual 

MAX 104s is specified at ±5.5 Least Significant Bits (LSBs) 

[9].  Offset mismatches were simulated from 0% (perfect 

offset matching) to ±100% variation, or ±5.5 LSBs.  

Simulation results are given in Figure 3b.  Note that offset 

mismatches produce different results for different pulse 

widths, due to the fact that offset noise is a result of the 

ADC interleaving process and independent of the input 

signal [10, 11].  Thus, longer duration UWB pulses (which 

have a larger average signal power) will have a higher  

SNREffective for offset noise.  Also for offset noise, mismatch 

variations of less than ±15% (±1 LSB) are dominated by the 

quantization noise.  Thus, the SNR degradation is more 

gradual than both gain and timing mismatches, at least until 

the offset noise becomes significantly larger than the 

quantization noise.  For a single LOS signal, it takes a 20% 

offset variation (±1.1 LSBs) to degrade the pulse SNR by 6 

dB (an  SNREffective of 33 - 39 dB depending on the pulse 

width).  At the maximum possible offset mismatch, 

SNREffective is reduced only to 22.5 - 25.5 dB.   

 

4.3  Timing Mismatch Simulation 

 

 The timing of the ADC clocks is controlled by a series 

of programmable delay chips, with a delay resolution of ± 

10 picoseconds.  Additionally, clock jitter is introduced by 

every element in the clock distribution network.  As the 

system sampling rate was set at 8 GHz (1 sample every 125 

picoseconds), it was decided that the maximum permissible 

deviation would occur when successive samples overlapped 

in time.  In other words, the maximum allowable timing 

mismatch would be ±125 picoseconds, corresponding to 2 

ADCs sampling exactly the same point in the received 

waveform.  As with the gain mismatch simulation, timing 

mismatches were fixed for a given simulation run, but 

allowed to vary randomly from one run to the next.  

Simulation results are shown in Figure 3c.   

 As seen from the figure, SNREffective for timing 

mismatches degrades very rapidly: a ±5% (±6.25 ps) 

mismatch reduces the SNR by about 4 dB; a ±10% (±12.5 

ps) mismatch reduces the SNR by nearly 10 dB.  At ±100% 

mismatch, SNREffective is reduced to only 12 - 17 dB.  Note 

that SNR due to timing mismatches is dependent on the 

pulse width.  This result is expected, as noise added by 

timing mismatches is proportional to the slew rate (or time 

derivative) of the input signal [10, 11].  A shorter time 

duration UWB pulse has a higher slew rate and, therefore, 

will experience greater noise added by the TI-Sampling 

process.     
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4.4 Total Combined Mismatch Simulation 

 

 The total mismatch simulation was an effort to 

investigate the SNR degradation when the effects of Gain, 

Offset, and Timing Jitter mismatches were combined.  The 

simulations were run exactly as before, with the difference 

that instead of varying just one component, all three were 

allowed to change.  Mismatches were simulated from ±0% 

mismatch (perfect gain, offset, and timing matching) to 

±100% mismatch (gain mismatch of ±50%, offset mismatch 

of ±5.5 LSBs, and timing mismatch of ±125 ps).  Simulation 

results are given in Figure 3d.  A 6 dB reduction in 

SNREffective  is seen for a ±5% total system variation (Gain 

Mismatch of ±5%, Offset Mismatch of ±0.275 LSBs, and 

Timing Mismatch of ±6.25 ps).  At 100% mismatch, 

SNREffective is reduced to as little as 10 - 13 dB. 

 

5. DISCUSSION OF RESULTS 

 

 These simulation results reveal that if the individual 

ADC parameters can be matched to within ±5%, then the TI-

Sampling receiver SNR will only be 6 dB below the SNR of 

a single 8 GS/s ADC.  The receiver’s performance is heavily 

dominated by both gain and timing mismatches; therefore, 

careful attention must be paid to matching the RF gain 

stages for each of the ADCs as well as ensuring a low-noise, 

low-jitter clock distribution network. 

 One technique for mitigating the effects of gain and 

offset mismatches is to make use of a pilot-based or 

transmitted reference UWB receiver, described in [7, 10, 12-

14].  Essentially, a number of pilot pulses are recorded by 

the receiver and then averaged together to form a template 

for a matched filter operation.  In such a pilot-based 

  
(a) (b) 

  
(c) (d) 

Figure 3:  Performance of an 8-ADC TI-Sampling receiver.  (a) Effects of gain mismatch—100% Allowable Variation is a gain 

mismatch of 50% (ADC gain of 1.0 ±0.5), (b) Effects of offset mismatch—100% Allowable Variation is an offset mismatch of 

±5.5 LSBs, (c) Effects of timing mismatch—100% Allowable Variation is a timing mismatch of ±125 ps, and (d) Combined 

effects of all three mismatches (gain, offset, and timing). 
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receiver, the gain, offset, and static timing mismatches are 

replicated in both the pilot symbols and data symbols, 

potentially mitigating the overall receiver’s performance 

degradation due to TI-Sampling mismatches. 

 

6.  CONCLUSIONS 

 

 In this paper, we have illustrated the performance of an 

8 ADC Time Interleaved Sampling Ultra wideband receiver.  

gain and timing mismatches were shown to dominate the 

performance degradation of the receiver, with ±5% 

mismatches, resulting in a 6 dB reduction in SNR.  The 

methodology used to simulate the receiver performance is 

easily applicable to other ADCs and ADC sampling bank 

configurations (e.g. 16 ADCs sampling at 500 MHz with 12 

bits of quantization).   
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signals which meet a specific 

spectral mask.

The predicted use for UWB 

communication is short-range, 

high-data rate communications.

Note: Although impulse-based 

modulation is assumed by many, it 

is not required by the FCC.

Note: Energy transmitted by UWB 

systems will add to the noise floor 

of existing users.

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

The Impulse UWB (IThe Impulse UWB (I--UWB) pulse shapeUWB) pulse shape

UWB Pulses are typically modeled as 

Gaussian Pulses or Gaussian Monocycles

with durations ranging from 

100ps – 1 ns.

Note: Pulses are normalized to unit amplitude

Gaussian Monocycle &

Its Spectrum

W
T

( )
( )

( )
( ) ( )

2

2

2

2

2
2

2

22

1

σ

µ

σ

µ

σ

µ

πσ
−

−

−
−

−
=′

=

t

t

e
t

tp

etp

π
σ

2

WT
=

Proceeding of the SDR 05 Technical Conference and Product Exposition. Copyright © 2005 SDR Forum. All Rights Reserved



3

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

Problems associated with SDR for Problems associated with SDR for 

Ultra Wideband.Ultra Wideband.

Problem:

To digitize a 500 ps UWB pulse requires a sampling rate of 8 GS/s.

At 8 bits/sample, receiver must process 64 Gbps in real time!

Current Solutions

Equivalent Time Sampling

Frequency Domain Sampling 

Time-Interleaved Sampling

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

Receiver Architecture Receiver Architecture ––

Time Interleaved (TI) SamplingTime Interleaved (TI) Sampling

ADC

ADC

ADC

ADC

ADC Clock Signal

ττττ

ττττ

ττττ
A

B

C

D

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

time (ns)

A
m

p
li

tu
d
e

A A 

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

time (ns)

A
m

p
li

tu
d
e B B 

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

time (ns)

A
m

p
li

tu
d
e C C 

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

time (ns)

A
m

p
li

tu
d
e

D 

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

1.2

time (ns)

A
m

p
li

tu
d
e

A 

B C 

D 

D 

Proceeding of the SDR 05 Technical Conference and Product Exposition. Copyright © 2005 SDR Forum. All Rights Reserved



4

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

Receiver Block DiagramReceiver Block Diagram
ADC

ADC

ADC

ADC

ADC Clock Signal

ττττ

ττττ

ττττ
A

B

C
D

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

The Perils and Pitfalls of TI The Perils and Pitfalls of TI –– Sampling.Sampling.

Gain Error Offset Error Timing Error

Proceeding of the SDR 05 Technical Conference and Product Exposition. Copyright © 2005 SDR Forum. All Rights Reserved



5

© 2005 Christopher R. Anderson
MOBILE &  PORTABLE  RADIO  RESEARCH  GR OUP

MPRG

TITI--Sampling a Gaussian Monocycle:  Sampling a Gaussian Monocycle:  

Important Terminology.Important Terminology.

TW

T

A

Simulation Parameters

3 Different Pulse Widths

T = 10 ns (100 MHz prf)

8 ADCs / 8 GHz Sampling Frequency

Target of 6 dB Reduction in SNREffective

Results averaged over 25,000 trials
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TITI--Sampling a Gaussian Monocycle:  Sampling a Gaussian Monocycle:  

Gain and Offset Mismatch.Gain and Offset Mismatch.

100% Variation equals  ±5.5 LSBs

6 dB Reduction in SNR
Effective

at ±20%

100% Variation equals  ±50% Gain

6 dB Reduction in SNR
Effective

at ±5%

Gain Error Offset Error
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TITI--Sampling a Gaussian Monocycle:  Sampling a Gaussian Monocycle:  

Timing and Total Combined Mismatch.Timing and Total Combined Mismatch.

100% Variation equals:

±5.5 LSBs / ±50% Gain / ±125ps

6 dB Reduction in SNR
Effective

at ±5%

100% Variation equals  ±125 ps

6 dB Reduction in SNR
Effective

at ±7%

Timing Error Total Combined Error
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Pilot Based Matched Filter Receiver can Pilot Based Matched Filter Receiver can 

compensate for static mismatches.compensate for static mismatches.
Pilot

Pulses
Data Pulses

Pilot

Pulses
Data Pulses

ADC

ADC

ADC

ADC

ADC Clock S ignal

ττττ

ττττ

ττττ
A
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C

D
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ConclusionsConclusions

Questions?Questions?

The UWB SDR is designed to be an extremely flexible 
Testbed for Impulse UWB signals.

The SDR Testbed also could conceivably be reconfigured 
to operate with most broadband signals.

TI-Sampling UWB pulses is feasible, but ADC mismatches 
must be very carefully controlled.
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