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Abstract:

In this paper the innovative time-domain pre-distor method is proposed. This method (PWM-RC) uses
raised-cosine (RC) pulse shaping and pulse-widtdutation (PWM) scheme to achieve better output nbhan
data response. The conventional pre-distortion attttbased on finite impulse response (FIR) filgidne not
compatible with modern low-power CMOS design. BERrigtperspective time-domain pre-distortion methods
show many high frequency harmonic components inpfeemphasized signal. It can cause more system
crosstalk susceptibility, where the additional pmaphasis boosted the undesirable high frequencypcoents.
The proposed method reduces the content of higlnendnic components at the pre-emphasized outpnalsig
and ISI (inter-symbol interference) effects. Adwgaous properties of the PWM scheme such as higineth
loss compensation are preserved. Finally, the sitioml results realized in MathCAD and ADS Agilent
Development Studio are introduced.

INTRODUCTION FIR pre-emphasis techniques for recent CMOS
) ) . ) technology trends are mainly restricted by its $yipp
The optimum signaling rate of a high-speed qjtage, which will decrease according to CMOS
interconnect system is strongly dependent on Man¥caling [2]. A time-domain pre-emphasis method
factors such as interconnect topologies, lengthydo goes not change the pulse amplitude as for the
and packaging technologies [1]. The channelconyentional FIR pre-emphasis, but a timing
characteristics are different for each of systems a |ogojution is used to signal pre-distortion [1f02].
play critical role for the range estimation of the This method is able to better adapt to current
operating data rates _of modern_ COmmunicatif)nrequirementsin CMOS technology trends where
systems such as graphics, computing or networkingyjgher switching speeds and lower supply voltage
systems. As data rates are increasing, theilgominate. In this paper, the research is primarily
susceptibility to damage is more critical. It isisad  focysed on the analysis and development of effectiv
by the nonideal aspects of transmission lines, s5ch  yransmitter pre-distortion method for PCB channels
crosstalks and losses as well as energy dissipatiofhere |S| and crosstalk noise are dominant faatbrs
caused by reflections and radiation. All these@ssu |osses. This paper shows a modified signaling sehem
can cause significant problems in signal integaitgl 1o minimize these factors. Current time-domain pre-
timing. These impacts dominate at multi-Gb/s speedgjistortion methods use conventional rectangular
where the unwanted signal distortion can cause thabulse. This causes that many undesirable high
signal energy is spread over multiple bit positicdS  frequency harmonic components are contained in a
phenomenon known as intersymbol interference (|S|)pre-distorted signal at the transmitter output.Sac

[2]. This leads to increase in the jitter that @elS  system is very susceptible to crosstalk noise.
the timing margin as well as a distortion in thgnsil

levels is the main cause of voltage margin SIGNALING SCHEMES

degradation of the inter-chip signaling link [3h |

such severe environments, sophisticated pulseAn innovative PWM method is proposed in [12] and
shaping techniques such as equalization or preis applied to the coaxial cable loss equalizatiod a
emphasis (equalization at the transmitter is oftensimple single PCB trace equalization. It provides a
called transmitter pre-emphasis to reflect theotftd alternative to the FIR pre-emphasis which is still
the filter operation), need to be employed to mail)y commonly used in high-speed interconnect systems.
the channel attenuation and consequently to inereasThe proposed time-domain pre-distortion method in
the data rates [4]. [12] has the advantage for modern low-voltage
The transmitter equalization filter is commonly CMOS devices where the maximum voltage swing is
realized as finite impulse response (FIR) filtes$, [ pushed markedly below 1.0V and the implementation
[6], [7]. Various types of equalizers are also of the pre-distortion methods based on pulse
commercially available [8], [9]. The purpose ofsth amplitude shaping can be a problem. The first pfrt
operation is to increase (decrease for de-emphasithe paper shows both PWM and PWM-RC signaling
[10]) amplitude for the first bit after a logic trsition ~ schemes, all presented simulations have been dreate
relative to successive bits. However, the convenfio in MathCAD and Agilent Advanced Design Studio



(ADS). The PWM pre-emphasis provides higher

maximum loss compensation (24 dB) than the TX PULSE SHAPE CHANNEL PULSE RESPONSES
commonly used 2-tap FIR filter (18 dB), because its 12 — 03 BWas=0.35 GHz
transfer function is able to adapt very well to the 06 I dor=100% 023 ! f=1.00
copper channel, see simulation results in Agilent P = 0.75
ADS studio [13]. However, the crosstalk o 2 ;j:ggg

susceptibility of conventional PWM can cause 1
additional high-frequency content in equalized data
stream. Thus, the loss compensation can be
significantly reduced. The proposed PWM-RC
method reduces ISI, see section Eye diagram asalysi
and additional high-frequency noise, see section
Frequency domain analysis.

PWM Scheme
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In Fig. 1, the output voltage waveforms for bottap- 025 32; 1702022
FIR signaling and the PWM signaling are shown. - dcs = 56 %
Transmitter output is normalized to +/-1V. dc, = 50 %

Transmission channel model has a monotonically 0.15

decreasing transfer function. It corresponds 12 — ol 2 \

approximately with the PCB loss model for a single 08 pomtons [dos 50%

trace. The current channel losses are adjusted) usin ) — 0.05

the typical bandwidth parameteBWsge. Actual I q .
4

channel losseBWs4z= 0.35 GHz correspond with the
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70 cm long PCB trace. A similar result is shown for UL L

. . . s/ Tp s/ Ty
25m |0n9_ coaxial cable in [12]. The optimum duty- Fig. 1: TX pulse shapesT&= 200 ps) of FIR filter (dashed line)
cycle settings are strongly dependent on the channe and PWM filter (solid line) and simulated chanpelse
characteristics, see Fig. 1. In this case the @btim responses for transmission line bandwi@sse = 0.35
coefficients aréf = 0.62 andic = 56 %for FIR pre- GHz.

distortion and PWM pre-distortion, respectivelhe  The time-domain pre-distortion method described
PWM pulse shape is similar to a Manchester code fombove has the advantage of only one coefficient
duty-cycle @c) parameter setting to 50 %. However, settings to achieve optimal pre-emphasis level.sThu
the Manchester code has fixed amplitude at 50 %t can be very simplified implementation process of
without a tunable duty-cycle [12]. A duty-cycle of adaptive duty-cycle settings for control algorithms
100 % corresponds to transmission of a normal polaivhich are widely used for receiver equalization. A
NRZ data signaling without pre-distortion. In [1t#hp sign-sign block least mean squares (LMS) algorithm
symmetrical impulse response for the channel wherean be used as shown in [15]. From Fig. 1 it iadje
dielectric losses dominated is shown. The measuredeen that replacing FIR pre-distortion with PWM-pre
results and advanced simulation model show that thi distortion, when amplitude resolution requirements
channel has a nonsymmetrical pulse response, segre replaced with timing resolution requirements) c
Fig. 1. be beneficial for future low voltage CMOS
The coefficients for FIR pulses time domain technologies where stringent noise margins can
simulations are rewritten according to [12] @s f, reduce the usable voltage amplitude for pre-distort
c;=f-1 with f [1{0.5...1}, resulting in one coefficient |evel settingslt is obvious that optimal pulse shaping
f that can be used to contritle pre-distortion level (coefficient setting) for the analyzed channel is
and T, represents the symbol perio@, & 200 ps). accompanied by a reduction of signal amplitude. It

The FIR pulse definition is described in detai[18]. should be noted that the minimum transmitted signal
The conventional PWM pulspyun(t) is defined as  swing clearly depends on the receiver sensitivitgt a
follows, see Fig. 1 channel frequency response. This is shawn[1]
where reduction in receiver sensitivity from 100 mV
0 t<0 to 25 mV changed the minimum required transmitter
signal swing from 600 mV to 200 mV while the same
o ()= 1 Ost<dc 1) BER is maintained.
P -1 de, st<T,|’ PWM-RC Scheme
0 T, <t The conventional PWM scheme based on rectangular

pulse shaping has many high-frequency harmonic
wheredc denotes the duty-cycle (0.5d¢ < 1 fits best  components [12]. It can cause problems in practical
to PCB backplanes) and, again represents the implementation of this method in real communication
symbol period T, = 200 ps). systems, e.g. PCl Express based ones. A method



proposed in this work uses a raised cosine pulsespecially if low-frequency pattern is transmitted.
scheme to reduce crosstalk noise. The combinafion oThis situation is critical with increasing level
PWM pre-distortion technique and appropriate pulse(amount) of pre-emphasis. Furthermore, it is
shaping method can provide an effective reduction o necessary to take into consideration that for pralct
high-frequency components of the pulses. Thisimplementations optimal duty cycle coefficients for
preserves the beneficial properties of time-domainmore lossy channel are just located about stroeg pr
pre-distortion technique and consequently theemphasis level between 50 % and 60 %. In Fig. 3 the
crosstalk susceptibility as a main disadvantage offrequency spectrum analysis for both conventional
PWM scheme can be reduced. The raised cosin®WM and proposed PWM-RC pre-distortion methods
signaling is the process when the waveform ofis shown. In this case a strong pre-emphasis lgleel
transmitted pulses is changed in order to achieve= 56 %) is chosen. It is clearly demonstrated tbat
better signal adaptation to the band-limited channe proposed PWM-RC pulse the high-frequency
The raised-cosine filtering is widely used in digit harmonic components are more attenuated. It can be
modulation techniques to effectively suppress I8l. an important factor to suppress high-frequency
this paper the PWM-RC scheme is introduced for theharmonic content in a conventional PWM scheme
first time. The proposed PWM-RC scheme which isand also a potential crosstalk noise. Both signal
described below still used only one coefficigiatto pulses havé, = 200 ps.

achieve the required value (amount) of pre-emphasis

compare (1) and (2). Experimental pulse shaping 2

results normalized to unity peak realized in PWM (dc = 0.56)

MathCAD according to (2) is shown in Fig. 2. Foe th 0/ \ /

proposed PWM-RC method the pulse shaping in the f ,\/-\

time-domain is defined as \ \/ \ /
- 20|

SRc(t) = Sl(t) ) (t) , (2) % — 40 ‘ \../ \/

where
- 60) FIR (f= 056)
1 20l
s (t) = ShHcT. 1- oS o | 3) - 805 5 0 15 20 25
b b Frequency [GHz]
_ Fig. 3: Pre-emphasis pulse spectrum analysis.
s,(t) =
1 [ﬁ 207t _Tb)j The PWM pulse definition (1) is used to calculdte t
— 1= (4 spectrum of the PWM filter by taking the Fourier
2[{dc-1) Oy (dc-1) [T, transform, similarly as in [12]. Now for the progas

PWM-RC pre-emphasis the frequency domain
transfer function can bealculated according to (5)
by taking (1) and raised cosine pulse definition in
[16] (wherefSs parameter is a measure of the excess
bandwidth of the filter) into account. The frequgnc
transfer function response for the PWM-RC filtenca
be calculated as follows

o 025 05 0.75 1 o 025 05 015 1 H PWM RC(O)) = P‘)L(Cb) .
Gee (@)

for defined border X t < dcT, in the case of,
dcT, < t < Tyinthe case of,.

PWM-RC
dc = 50 %

Voltage [V]
. Voltage V]

(5)
Fig. 22 PWM-RC pulse shaping.

In Fig. 4 the PWM-RC filter transfer function for
FREQUENCY DOMAIN ANALYSIS various duty cycle coefficients settlng is shown. |

this case, the pulse roll-off paramefgris set to 0.4.
The spectrum of PWM pulse is more boosted atThe proposed PWM-RC scheme is capable of higher
higher frequencies above Nyquist frequency (0.5 onloss compensation around Nyquist frequency (0.5 on
the x axis) approximately faic values from 65 % or the x axis). For example, the gain 10 dB of PWM-RC
less. It can be important factor for higher equalizer corresponds with value 0.6 on the x axis,
performance to compensate more lossy channels [12kee Fig. 4. The conventional PWM filter shows the
[13]. The main disadvantage of the PWM methodsame gain value but for the value 0.8 on the x.axis
proposed in [12] is that the output pre-distortiephal The proposed method allows not only to set the
has many high frequency harmonic componentsoptimal pre-emphasis level by changing the duty



cycle but thefs parameter can be used to adjust theEQUALIZED CHANNEL OUTPUT

optimal equalization characteristic according to .

current channel losses. It is obvious that the Ngtqu | he decisive factor for the performance of the
frequency varies according to the actual dataProPosed equalizer is how the overall swing is
transmission rate. For lower data rates tfe re_dL_Jced in ord_er to achieve the reduction in
parameter can be set to a higher value. In this cagMinimum-to-maximum Iosg. for the system. I_n other
high frequency noise and crosstalk, which canWords, how the equal!zer is able to reduce d|ffeee_n
degrade performance in real systems, are effegtivel between the_ attenuation of Iow-_fre_quency and high-
reduced because high frequency boost is tempere(irequer_\cy” signal contents. This is usually called
For higher data rates it is possible to achievéndrig flattening” of the magnitude of the frequency

channel loss compensation because the amount dfsponse [2]. The performance of all analyzed pre-

equalization around the Nyquist frequency can beemphaS|s methods for maximum loss compensation is

effectively adjusted depending on where currenh hi shown in F_ig. 6.ltis ObViOl.JS that the redu_ctiorthe
slopes in}::haLnel frequpency rgsponse oceur 9 loss variation for the FIR filter (note thitis at 0.5

on the x axis) is only approximately 7 dB improved
I compared with a transmission channel loss at the
same BW;gg = 100 MHz. The conventional PWM
method reduces overall losses to 14 dB. The prapose
PWM-RC method, due to the possibility of high
frequency loss compensation adjustment (see Fig. 4)
is able to decrease the overall losses to 12 dB. Fo
BWsys = 350 MHz setting this reduction
approximately triples the frequency at which tye e
closes completely from 0.8 GHz to 2.5 GHz, see [1]
where 6 dB limitation is described. In the case of

= 10]

[ Hewro(f) | [dB]

- 20|

= 30]

~ oo o ! conventional PWM filter the reduction in the loss
Ty o s .
variation allows only shifting the frequency at wimi
Fig. 4: Calculated magnitude of PWM-RC filter transfer ftiog the eye closes completely from 0.8 GHz to 1.8 GHz.
(ﬁgz 04)
- 20
The main advantage of the proposed PWM-RC pre- FIR (f= 0.50)

distortion method lies in its adjustable varialgilia
comparison of the conventional PWM pre-emphasis
and FIR pre-emphasis transfer functions is shown ir &
[12]. In this case the proposed PWM-RC method =
retains the same behavior for low-frequencies as th
FIR filter and conventional PWM filter. The PWM
scheme due to the time-varying has high-order— _,|
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-35

[ Heauac (f

\\
\\
;’ ‘\

transfer function and so effective gain of the PWM PWM (dc=50%)  Q~~<
filter increases to infinity [12] It can cause also . _
additional high-frequency noise in output pre- 0 Ob 02 04 0s e

distorted signal even if weak pre-emphasis is aplpli
The PWM-RC pre-emphasis technique is capable tdig. 6: Equalize_d first-order channel transfer functiomgsy pre-
find optimal settings for both low-frequency and emphasis).

high-frequency signal content and additional high Fig. 7 the overall loss compensation of all

frequengy_ content can be minimized due. to theequalizers for variouBWags setting is shown.
adjustability at higher frequency compensation, see

Fig. 5. 30
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Fig. 5: Calculated high-frequency compensation settings for Fig. 7: Pre-emphasis techniques overall losses compensation
different values ofss parameter. performance analysis (1st order channel).



Similarly, the equalized transfer function of thEB®>  opening is maintained, compare PWM and PWM-RC
channel with a higher-order transfer function waschannel output eye diagrams (right side diagrams).
performed. For the analysis of higher-order transfe

function a simplified model of the transmissiontpat PWRC
is described in [17]. The value of parasitic via —
capacitance€y is varied from 2 pF to 4 pF and the
performance of all equalizers to overall loss
compensation is calculated in Fig. 8. In this cte
overall loss compensation is calculated as the
difference between attenuation of parasitic peak an
attenuation at Nyquist frequency (0.5 on the x)axis
It is clearly seen that the conventional PWM method ;¢
is not able to achieve the same performance as th -
conventional FIR method.

Voltage [V]
Voltage [V]

T (it periods)

T (Bit periods)

Voltage [V]

35

07 098 2 2 a8 07
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Voltage [V]
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_CHANNEL (1 ) Te (Bit periods) i o (Bit periods)

—FIR (2)
PWM (3) Fig. 9: Transmitter output eye diagrams at 5 Gbps (lefe si

— PWM-RC (4) diagrams) and channel output eye diagrams at 5 Gbps

( BWsgg = 350 MHz , right side diagrams).

2 25 35 4

3
Cuia [PF]

Fig. 8: Pre-emphasis techniques overall losses compensatio
HLCONCLUSIONS
performance analysis (higher order channel). . . o . .
o In this paper the perspective digital time-domaie-p

The proposed PWM-RC method = significantly gistortion technique based on pulse-width modutatio
improves the equalized transfer function by scheme and using raised cosine signaling (PWM-RC)
increasing the high-frequency loss compensation. Fojs described. The conventional PWM method does
more complex channel transfer function it iS ot tune the pulse amplitude (as for FIR pre-
necessary to consider filters with multitap emphasis), but instead exploits timing resolution.
coefficients. However, the proposed equalizationyowever, the additional content of many high-
method, due to its adjustability, is able to betterfrequency harmonic components which is strongly
equalizereal PCB channel discontinuities that come gependent on low-frequency content in the data

from the vias, connectors and packages used in thgjgnal can cause problems with implementation for

design of PCB transmission channels. high-speed channels with crosstalk susceptibilitis
shown that the proposed PWM-RC scheme is capable
EYE DIAGRAM ANALYSIS to reduce the high-frequency content as well as to

The effect of adjusting thec parameter of the PWM retain advantaggous properties of PWM scheme. The
frequency-domain analysis shows better performance

filter and f parameter of the FIR filter is shown in o o
: . . of proposed method for equalization of transmission
Fig. 9 where all described pre-emphasis methods are L .
o Cchannels where the attenuation is not monotonically
compared. The models of the communication SyStemlncreasin Additional variability to adiust hiah
for PWM and PWM-RC pre-emphasis methods were 9 Y J 9

created in MathCAD and have not been published infrequency loss compensation can play a critica rol

. ; or optimal pre-emphasis setting. For example, the
any paper yet. The simulated pulse shaping for PWN{weak pre-emphasis can be sufficient to low-freqyenc

method corresponds very well with the measured . . .
. . content compensation but the compensation for high-
results [12]. The left and right edges in the eye : . o )
[requency content is not still sufficient. The d@n

diagrams correspond to the symbol edggs. For al or the conventional PWM method is to increase the
analyzed methods optimal coefficient settings were . ) _
amount of pre-emphasis and it also boosts high-

selected according to thanalysis in Fig. 1. The f .

; 7 requency noise.

optimal value of pre-emphasis is strongly dependent

on current channel losses, see eye diagrams wher

over-emphasis are shown [13], [18]. Note that theE‘CKNO\NLEDG‘ENI ENTS

time scale is the same for all eyes and one bibger Research described in this paper was supporteleby t
is intercepted. Note how the proposed PWM-RCCzech Ministry of Education under the MSM
method minimizes ISI while the maximum eye 0021630503 research project MIKROSYN, the



project CZ.1.07/2.3.00/20.0007 WICOMT of the
operational program Education for competitiveness,

and the grant projects of the Czech Science

Foundation no. GD102/08/H027 and FEKT-S-11-13.
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