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•  Intro to Equalization 

•  ZFE 
–  Zero-Forcing Equalizer 

•  MMSE 
–  Minimum-Mean-Squared Equalizer 

•  DFE 
–  Decision-Feedback Equalizer 

Outline 

L12: Equalization 
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•  To maximize SNR and eliminate ISI set 

•  These may be hard to implement 
–  Let TX and RX focus on pulse shaping & noise 

•  Introduce another filter to focus on ISI 
–  The equalizer 

1.2 Overview 

L12: Equalization 
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•  Eye diagrams 

Overview 

L12: Equalization 

CONTINUOUS-TIME LINEAR EQUALIZERS 513

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
−300
−250
−200
−150
−100

−50
0

50
100
150
200
250
300

V
ol

ta
ge

 (
m

V
)

Time (ns)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
−300
−250
−200
−150
−100

−50
0

50
100
150
200
250
300

V
ol

ta
ge

 (
m

V
)

Time (ns)

(b)

Figure 12-11 Example interconnect channel impact on a 10-Gb/s signal waveform:
(a) transmitter output; (b) receiver input.

Figures 12-13 and 12-14 demonstrate, an idealized equalizer would completely
reverse the effects of the interconnect, restoring the signal to its original form,
exactly matching the waveform and eye at the transmitter output.

In practice, power and device count limitations make the design of a perfect
equalizer impractical. However, we do not require ideal implementation in order
to realize the benefits of equalization, as we shall see in the remaining sections
of this chapter. In subsequent sections we explore the design, operation, and
limitations of the different types of equalizers that find use in multi-Gb/s sig-
naling systems now and in the future. Equalization is an area in which there is
considerable ongoing research and one that has many possible implementations.
Although we present some representative examples, the nuances of equalizer
design implementations are beyond our scope. Instead, we focus on developing a
solid understanding of their behavior in terms of fundamental building blocks so
that we may use them effectively to maximize the performance of our signaling
systems.

12.2 CONTINUOUS-TIME LINEAR EQUALIZERS

Continuous-time linear equalizers (CTLEs) are analog in nature, operating con-
tinuously as the name implies. This is in contrast to discrete-time equalizers,
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Figure 12-10 Example interconnect channel impact on a 10-Gb/s data eye: (a) trans-
mitter output; (b) receiver input.

interference (ISI). Since the disparity of losses between low and high frequencies
is what causes ISI, the slope of the loss curve tends to outweigh its magnitude.

We want the equalizer to counter the low-pass effect of the interconnect, which
causes the high-frequency signal content to be attenuated much more severely
than the low-frequency content. Thus, the desired operation of the equalizer is to
amplify the signal in such a way as to perfectly counter the attenuation at each
frequency. This is expressed mathematically as

Heq(f ) = H−1
channel(f ) (12-14)

Simply stated, the ideal equalizer has a transfer function that is the inverse of the
channel transfer function, making it a high-pass filter. Figure 12-12 illustrates
this concept, showing that the ideal equalizer counters not only the ampli-
tude distortion caused by the interconnect, but the phase distortion as well. As
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12.2 Equalizer Types 

•  Filter-Based 
–  Linear (Transversal Filters) 

•  ZFE 
•  MMSE 

–  Non-Linear 
•  DFE 

•  Other 
–  Maximum-Likelihood Sequence 

Estimation (MLSE) 
•  Viterbi 

L12: Equalization 
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•  If this is the impulse response before your detector… 

•  The  ZFE attempts to achieve… 

12.3 Zero-Forcing Equalizer (ZFE) 

L12: Equalization 
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•  This response is effectively achieved by…  

•  …inverting the channel 

ZFE Response 

L12: Equalization 
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•  This channel inversion can be achieved with… 
–  FIR filter structure (transversal filter) 

–  x is the equalizer input (with ISI) 
–  z is the equalizer output (without ISI) 

ZFE Filter Structure 

L12: Equalization 
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•  Math for FIR filter 
input/output   
relation… 

•  Convenient to describe WHOLE ZFE impulse response 
–  i.e. the whole of z for any particular channel input 

ZFE: Formal Signal Description 

L12: Equalization 
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•  Capture entire ZFE response 
–  using convolution matrix X  

•  X 
–  state of equalizer as a function of time 

•  state: the signal value at each tap 

•  For… 
–  a channel impulse  

response of K impulses  
–  into an equalizer of N+1 taps  

•  We have a z how long? 
 

 

ZFE Channel Response 

L12: Equalization 
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•    

ZFE Channel Response 

L12: Equalization 
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•  What output do you want from equalizer? 

•  And how do you get this? 
–  using math 

•  And what if X is not a square matrix? 

Desired Response 

L12: Equalization 
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•  Book approach… 
•  …Just make ZFE square! 

ZFE Coefficients 

L12: Equalization 
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•  Channel response: 

•  Say you want: 

ZFE Example 

L12: Equalization 
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•  Square convolution matrix: 

Answer 

L12: Equalization 
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•  Least-squares (LS) 
–  A standard approach to the solution of over determined systems 

 
 
 
 
 
 
 
 

–  minimize difference-squared between z and product of chosen c 
with x 

ZFE-LS 

L12: Equalization 
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•  ZFE and ZFE-LS is SINGLE-MINDED! 
•  In compensating only to remove ISI… 

•  …noise is amplified 
–  noise enhancement 

•  You compensate to 
get back your original 
signal 

–  …and in the process you increase the net noise into detector 

Noise Enhancement 

L12: Equalization 
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•  Seek a compromise between ISI and noise enhancement 
•  Instead of least-squares to minimize ISI… 

•  …account for SNR 

12.5 Minimum-Mean-Squared Equalizer 

L12: Equalization 
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•  MMSE allows a bit of ISI 
–  but has less noise enhancement 

•  MMSE not straightforward to apply 
–  noise may not be known 
–  harder to make adaptive 

MMSE 

L12: Equalization 
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12.6 Decision-Feedback Equalizer (DFE) 

•  A non-linear approach 

•  If you know which bit is 
transmitted you know 
exactly what ISI it will cause 
(in postcursor) 

•  Why not just directly cancel 
the coming ISI? 

L12: Equalization 

EE290C Lecture 5 19

MMSE vs. ZFE, Limitations
• MMSE allows residual 

ISI
• But amplifies noise less
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• Unfortunately, MMSE not so straightforward to 
apply in links
• Harder to adapt (more later)
• Noise may not be known

EE290C Lecture 5 20

Good News: There Is Another Way…
• Once you know which 

bit was transmitted
• You also know exactly 

what ISI that bit will cause

• Why not directly cancel 
the ISI you know is 
coming? 0  2  4 6 8 10 12 14 16 18
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•  Key advantage: no noise enhancement 

DFE 

L12: Equalization 

EE290C Lecture 5 21

Decision Feedback Equalization (DFE)

time

Pu
ls

e 
re

sp
on

seRX_in

FIR Filter

• Key advantage: no noise enhancement
• Feedback signal based on “perfect” digital bits
• ISI subtracted based on those bits

EE290C Lecture 5 22

DFE Issues
RX_in• Only handles post-

cursors
• May still need linear 

(feedforward) filter 
for pre-cursors

• What happens when RX makes a mistake?
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•  Only handles postcursor 
–  May need linear filter for remove precursor 

DFE 

L12: Equalization 
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