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FREQUENCY RESPONSE COMPENSATION 
INA DIGITAL TO ANALOG CONVERTER 

TECHNICAL FIELD 

0001. The disclosed embodiments relate generally to a 
digital to analog converter, and more specifically to perform 
ing frequency response compensation in a digital to analog 
converter. 

BACKGROUND 

0002 The frequency response of a digital to analog con 
verter (DAC) is characterized by a low pass filter response, 
and rolls off according to the sinc frequency-response enve 
lope at high frequencies. This results in an attenuation of 
higher frequency signal components such as image frequen 
cies as well as higher frequency content of the desired in-band 
signals. In some instances, due to the high frequency roll off 
at Nyquist frequency (Fyors, f/2), the DAC frequency 
response may be attenuated by as much as 3.92 dB. At a 
frequency of f/3, the frequency response may be attenuated 
by as much as 1.65 dB. For some applications, such as broad 
band wireless communication, this non-flat response could 
have an undesired impact on system performance. Various 
techniques used to compensate for the sinc attenuation 
observed in a DAC's frequency response include increasing 
the DAC's input updating rate or sampling frequency or add 
ing a digital or analog high pass filter respectively along the 
digital or analog signal paths. However, these techniques are 
encumbered with challenges—for example, increasing the 
DACs input updating rate can be limited by the DAC's maxi 
mum conversion speed and increased power consumption or 
increased complexity of digital or analog design. 

SUMMARY 

0003 Embodiments relate to an n-bit digital to analog 
converter (DAC) including a receiving circuit, a first delay 
circuit, a first current generation circuit and a second current 
generation circuit. The receiving circuit receives an input bit 
stream and generates a first bit signal stream of the input bit 
stream corresponding to bit values of the input bit stream at a 
time. The first delay circuit is coupled to the receiving circuit 
and receives the first bit signal stream. The delay circuit 
generates a second bit signal stream representing a version of 
the first bit signal stream delayed by a first period of time. The 
first current generation circuit coupled to the receiving circuit 
to receive the first bit signal stream. The first current genera 
tion circuit provides first current to a first output responsive to 
receiving the first bit signal stream. The first current corre 
sponds to the first bit signal stream. The second current gen 
eration circuit is coupled to the delay circuit and receives the 
second bit signal stream. The second current generation cir 
cuit provides second current to the first output responsive to 
receiving the second bit signal stream. The waveform of the 
second current inverted and scaled relative to a waveform of 
the first current. 
0004. In one or more embodiments, the waveform of the 
second current lags the waveform of the first current by the 
first period of time. 
0005. In one or more embodiments, the receiving circuit 
includes a first set of n memory elements. Each memory 
element of the first set receives and stores a bit value in one of 
in sub-streams of the input bit stream. The first delay circuit 
includes a second set of n memory elements. Each memory 
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element of the second set is coupled to a corresponding 
memory element of the first set to receive and store a bit value 
in one of n sub-streams of the first bit signal stream. 
0006. In one or more embodiments, the first current gen 
eration circuit includes a first set of n current Sources and a 
first set of n switches. Each current source of the first set of 
current Sources is coupled to the first output via a correspond 
ing Switch of the first set of Switches, the corresponding 
switch is turned on or off responsive to the bit value in one of 
in Sub-streams of the first bit signal stream. 
0007. In one or more embodiments, the second current 
generation circuit includes a second set of n current sources 
and a second set of n Switches. Each current source of the 
second set of current Sources is coupled to the first output via 
a corresponding Switch of the second set of Switches, the 
corresponding Switch is turned on or off responsive to the bit 
value in one of n Sub-streams of the second bit signal. 
0008. In one or more embodiments, one or more additional 
delay circuits is coupled to the first delay circuit and is con 
figured to generate a third bit signal stream representing a 
version of the first bit signal stream delayed relative to the 
input bit stream by a second period of time that is greater than 
the first period of time. One or more corresponding additional 
current generation circuits is coupled to the one or more 
additional delay circuits to receive the third bit signal stream 
and to provide a third current to the first output responsive to 
receiving the third bit signal stream, a waveform of the third 
current scaled relative to a waveform of the first current. 

0009. In one or more embodiments, the n-bit DAC addi 
tionally includes a second output to receive a third current 
from the first current generation circuit and a fourth current 
from the second current generation circuit, a current at the 
second output in conjunction with a current at the first output 
forming a differential signal. 
0010. In one or more embodiments, the waveform of the 
second current is up-scaled relative to the waveform of the 
first current. 

0011. In one or more embodiments, the waveform of the 
second current is down-scaled relative to the waveform of the 
first current. 

0012 Embodiments also relate to a method of operating 
an n-bit digital to analog converter. An input bit stream is 
received. A first bit signal stream of the input bit stream 
corresponding to bit values of the input bit stream at a time is 
generated. A second bit signal stream representing a version 
of the first bit signal stream delayed by a first period of time is 
generated. First current is provided to a first output based on 
the first bit signal stream. The first current corresponds to the 
first bit signal stream. Second current is provided to the first 
output based on the second bit signal stream. The waveform 
of the second current is inverted and scaled relative to a 
waveform of the first current. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 Figure (FIG.) 1A is a circuit schematic of a current 
steering digital to analog converter. 
0014 FIGS. 1B through 1F are timing waveforms and 
frequency response plots illustrating operating principles of 
digital to analog converters. 
0015 FIGS. 2A and 2B are block diagrams illustrating 
compensation for the frequency responses of conventional 
digital to analog converters. 
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0016 FIG. 3 is a circuit schematic illustrating one a cur 
rent steering digital to analog converter with frequency 
response compensation, according to one embodiment. 
0017 FIG. 4 is a diagram illustrating timing waveforms of 
the current steering digital to analog converter shown in FIG. 
3. 
0018 FIG. 5 is a circuit schematic illustrating a current 
steering digital to analog converter with frequency response 
compensation, according to another embodiment. 
0019 FIG. 6 is a diagram illustrating timing waveforms of 
the current steering digital to analog converter of FIG. 5. 
0020 FIGS. 7 and 8 are frequency response plots illustrat 
ing various operating principles of the implementations of the 
current steering digital to analog converters shown in FIG. 3 
and FIG. 5, respectively, according to Some embodiments. 
0021 FIG. 9 is a flowchart illustrating a method of oper 
ating an n-bit digital to analog converter (DAC) with fre 
quency response compensation, according to one embodi 
ment. 

0022 FIG. 10 illustrates a computer system for storing a 
digital representation of a DAC with frequency response 
compensation in memory, according to one embodiment. 

DESCRIPTION OF EMBODIMENTS 

0023 Reference will now be made in detail to various 
embodiments, examples of which are illustrated in the 
accompanying drawings. In the following detailed descrip 
tion, numerous specific details are set forthin order to provide 
a thorough understanding of the invention and the described 
embodiments. However, the invention may be practiced with 
out these specific details. In other instances, well-known 
methods, procedures, components, and circuits have not been 
described in detailso as not to unnecessarily obscure aspects 
of the embodiments. 
0024. Embodiments related to compensating for a low 
pass frequency response of a digital to analog converter 
(DAC) by using high pass filter architecture. The high pass 
filterarchitecture compensates for the high frequency attenu 
ation caused by the low-pass frequency response of the DAC. 
An output signal corresponding to an input digital bit stream 
is generated to enforce or amplify the high frequency content 
associated with rising or falling edges in the input digital bit 
stream by reducing a representation of the input bit stream by 
a delayed and scaled version of the same input bit stream. 
0025 Figure (FIG.) 1A is a circuit schematic of a current 
steering digital to analog converter (DAC) 100, according to 
one embodiment. The n-bit current steering DAC 100 
receives a digital input bit stream. The digital input bit stream 
comprises n parallel Sub-streams. The n-parallel Sub-streams 
may be obtained from a single bit stream using a serial to 
parallel converter. In the example of FIG. 1A, n=7 corre 
sponding to the seven parallel sub-streams D-0>, D-1D, ... 
D-6>. Although illustrated in FIG. 1A as receiving a bit 

stream with seven parallel bit Sub-stream, current steering 
DAC 100 can be configured to receive a digital input bit 
stream having any number (n) of bit Sub-streams. Current 
steering DAC 100 produces an analog output corresponding 
to the digital input bit stream. The analog output is produced 
at a first output Doutp, at a second output Doutn, or as a 
differential signal between the first output and the second 
output Doutp-Doutn. 
0026. As shown in FIG. 1A, an n-bit current steering DAC 
100 includes a receiving circuit 110, which in turn may 
include a set of n memory elements (e.g., a series of n differ 
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ential flip-flops). Current steering DAC 100 further includes a 
current generation circuit 130 coupled to the receiving circuit 
110. 
(0027. The receiving circuit 110 receives the input bit 
stream. For example, each memory element (e.g., flip-flop) 
receives a corresponding Sub-stream of the seven Sub-streams 
D<0>, D<1>, ..., D<6>. The receiving circuit 110 generates 
a first bit signal stream (e.g., Sp0<0>. Sp0<1>. . . . . Sp0<6> 
and/or a complementary version thereof SnO<0>, SnO<1>... 
... Sn0<6>) of the input bit stream corresponding to bit values 
of the input bit stream at a time. For example, first bit signal 
stream values Sp0<0>. Sp0<1>. . . . . Sp0<6> correspond to 
values of the input bit stream D-0>, D-1D, . . . , D-6d, 
respectively, sampled at a specified instance of a sampling 
clock CLK (e.g., Sampled at every rising edge of the sampling 
clock CLK). 
0028. The current generation circuit 130 may include a set 
of n current sources 132-0 through 132-5 (hereinafter collec 
tively referred to as “current sources 132) and a first set of n 
switches 134-0 through 134-5 (hereinafter collectively 
referred to as “switches 134). The current generation circuit 
130 receives the first bit signal stream from the receiving 
circuit 110. For example, a corresponding switch of the first 
set of n switches is turned on or off responsive to the bit value 
in one of n sub-streams of the first bit signal stream. For 
example, switch 134-0 is turned on or off based on a bit value 
of Sp0<0>, switch 134-4 is turned on or off based on a bit 
value of Sp0<4>, and so on. 
0029. Each of current sources 132 is coupled to the first 
output (Doutp) via a corresponding switch of the first set of 
switches 134. Each current source of the first set of n current 
Sources 134 provides a specified (e.g., predefined) value of 
current I through I to its output when a corresponding 
switch is turned on. Current values of consecutive current 
sources (Io, and I, I and I. . . . . and so on) have binary 
relationships. In other words, if Io is a current value for current 
Source 132-0 corresponding to a least significant bit stream 
(D<0> or Sp0<0>) of the DAC, then current value 
I=2'*Io-2*I for the subsequent bit sub-stream of the DAC, 

, current value Is 2*Io-32*Io, current value 
I-2'Io 64*Io, and so on. In general, current value I, for a 
n' bit of the DAC would be Il-2'*I. 
0030 The current generation circuit 130 provides first 
current I to a first output (e.g., Doutp) responsive to receiv 
ing the first bit signal stream, the first current corresponding 
to the first bit signal stream. The first current is generated by 
a Superposition or Summation of one or more of the current 
values provided correspondingly by one or more of the cur 
rent sources of the first set of current sources responsive to a 
corresponding Switch of the first set of n Switches being 
turned on, based on the first bit signal stream. For example, 
for the first bit signal stream 1011011 (corresponding to 
Sp0<0>, Sp0<1>,..., Sp0<6>), the first current (I) to the first 
output (e.g., Doutp) is obtained, for this bit stream, as 
described in equations (1) through (3): 

I=1XIo-Ox+1x2+1x+Ox+1x51XI6 (1) 

IIo-0+4xo--8XIo-0+32XIo-64XIo (2) 

I=109x Io (3) 

0031. Note that although FIG. 1A illustrates, for the sake 
of completeness, that the first current I results from a Super 
position of currents from each of the current sources 134-0 
through 134-5, in practice and as described above, the first 
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current is generated by a Superposition of currents corre 
sponding only to the Switches 134 that are turned on. 
0032. As illustrated in FIG. 1A, the current steering DAC 
100 further comprises a second output (e.g., Doutn) to receive 
a second current I from the current generation circuit 130. 
The current at the second output in conjunction with the 
current at the first output may form a differential signal (e.g., 
Doutp-Doutn). 
0033 FIGS. 1B through 1F are timing waveforms and 
frequency response plots of digital to analog converters. The 
frequency response for a DAC, for example, as illustrated in 
FIG. 1A rolls off according to the sinc frequency-response 
envelope as described below. 
0034 FIG. 1B illustrates a time domain representation of 
an input signal to be provided to a DAC (such as the DAC 100 
illustrated in FIG. 1A) as a train of impulses in time domain. 
The impulses have magnitude y(nT) corresponding to time 
instances nT, where T is a sampling interval. FIG. 1C illus 
trates the frequency spectrum in the frequency domain cor 
responding to the input signal or pulse train (FIG. 1B); Y(f) 
represents magnitude values of the frequency response plot at 
the various frequencies (f) wheref corresponds to the DAC’s 
input data updating frequency. 
0035 FIG. 1D illustrates a time domain representation of 
the output of a DAC (such as the DAC 100 illustrated in FIG. 
1A) to the input signal of FIG. 1B. The DAC functions as a 
“Zero-order hold” that holds the voltage constant for an 
update period (e.g., a period of 1/f). The DAC's output has 
magnitude valuesy'(nT) corresponding to time instances nT. 
where T is a sampling interval. In the frequency domain, as 
shown in FIG. 1E, this zero-order hold introduces sinc dis 
tortion (also referred to as aperture distortion). In other words, 
as shown in the frequency domain representation of FIG. 1E, 
the amplitude of the DAC output signal spectrum is multi 
plied by a sin(x)/x function (a sincenvelope), where x=Ttf7f. 
and f is DACS input data updating frequency, fisa frequency 
in Hertz and X is a normalized frequency in radians/second. 
Y"(f) represents magnitude values of the frequency response 
plot at the various frequencies (f) where f corresponds to the 
DAC's input data updating frequency. The resulting fre 
quency response H(f) is illustrated in FIG.1F and is governed 
by equation (4): 

0036. As seen from the frequency response plot in FIG.1F, 
aperture distortion acts like a low pass filter and causes the 
higher signal frequencies to be attenuated. For example, the 
low pass filter response causes image frequencies and also the 
desired in-band signal frequencies to be attenuated. For 
instance, at Nyquist frequency (Fyors, f/2), the DAC fre 
quency response is attenuated by 3.92 dB; at a frequency of 
f/3, the frequency response is attenuated by 1.65 dB. For 
Some applications, such as broadband wireless communica 
tion, this non-flat response could have an undesired impact on 
system performance. 
0037 FIGS. 2A and 2B are block diagrams illustrating 
compensating for the frequency responses of conventional 
digital to analog converters, according to one embodiment. 
Various techniques are used to compensate for the sinc 
attenuation observed in a DAC's frequency response. One of 
these techniques includes increasing the DACS input updat 
ing rate or sampling frequency. However, increasing the 
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DAC's input updating rate can be limited by the DAC's maxi 
mum conversion speed and can result in an increase in power 
consumption. 
0038 Another approach to compensate for the high fre 
quency attenuation, is adding a high pass filter along the 
signal path. For example, a digital domain pre-equalizer may 
be placed before the DAC along a signal path (as shown in 
FIG. 2A). However, a pre-equalizer, when added in the digital 
domain, necessitates more complex digital processing. Simi 
larly, an analog domain post-equalizer may be placed after 
DAC along the signal path (as shown in FIG. 2B). But the 
post-equalizer in the analog domain frequently reduces signal 
to noise ratio and increases area cost. 
0039 FIG. 3 is a circuit schematic illustrating a current 
steering digital to analog converter with frequency response 
compensation, according to one embodiment. As shown in 
FIG. 3, the n-bit digital to analog converter 300 includes a 
receiving circuit 310 and a first current generation circuit 330. 
0040. For instance, as described above with reference to 
the receiving circuit 110 of FIG. 1A, the receiving circuit 310 
of FIG.3 receives an input bit stream D<0>, D<1>,..., D<6> 
and generates a first bit signal stream (e.g., Sp0<0>, Sp0<1>, 
. . . . Sp0<6> and/or a complementary version thereof 
Sn0<0>, SnO<1>. . . . , SnO<6>) of the input bit stream 
corresponding to bit values of the input bit stream at a time. 
The first bit signal stream values correspond to respective 
values of the input bit stream sampled at a specified instance 
of a sampling clock CLK (e.g., sampled at every rising edge 
of the sampling clock CLK). In some embodiments, the 
receiving circuit 310 includes a first set of n memory elements 
(e.g., a parallel series offlip-flops). Each memory element of 
the first set receives and stores a bit value in one of n sub 
streams of the input bit stream. 
0041. The n-bit digital to analog converter 300 further 
comprises a first current generation circuit 330 coupled to the 
receiving circuit 310 to receive the first bit signal stream (e.g., 
Sp0<0>, Sp0<1>. . . . . Sp0<6> and/or a complementary 
version thereof SnO<0>, SnO<1>, . . . , SnO<6>). The first 
current generation circuit 330 is configured to provide first 
current I to a first output (e.g., Doutp) responsive to receiv 
ing the first bit signal stream, the first current corresponding 
to the first bit signal stream. To this end, in some embodi 
ments, the first current generation circuit 330 comprises a first 
set of n current sources 332-0, through 332-6 (hereinafter 
collectively referred to as “current sources 332) and a first set 
of n switches 334-0 through 334-6 (hereinafter collectively 
referred to as “switches 334). Each current source of the first 
set of current sources 332 is coupled to the first output (e.g., 
Doutp) via a corresponding switch of the first set of switches 
334, the corresponding switch is turned on or off responsive 
to the bit value in one of n sub-streams of the first bit signal 
stream. For example, switch 334-0 is turned on or offbased on 
bit sub-stream Sp0<0>, ..., switch 334-5 is turned on or off 
based on bit sub-stream Sp0<5>, and so on. As noted above 
with reference to FIG. 1A, although FIG.3 illustrates, for the 
sake of completeness, that the first current I results from a 
Superposition of currents from each of the current sources 
334-0 through 334-5, in practice and as described above, the 
first current is generated by a Superposition of currents cor 
responding only to the switches 334 that are turned on. 
0042 Additionally, as shown in FIG. 3, the n-bit digital to 
analog converter 300 also includes a first delay circuit 320 and 
a second current generation circuit 340. The first delay circuit 
320 is coupled to the receiving circuit 310 to receive the first 
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bit signal stream (e.g., Sp0<0>, Sp0<1>. . . . . Sp0<6> and/or 
a complementary version thereof Sn0<0>, SnO<1>. . . . . 
SnO<6>). The delay circuit 320 generates a second bit signal 
stream (e.g., Sp1<0>, Sp1<1>,..., Sp1<6> and/or a comple 
mentary version thereof Sn1<0>, Sn1<1>. . . . . Sn1<6>) 
representing a version of the first bit signal stream delayed by 
a first period of time (e.g., corresponding to a clock period). 
For example, Sp1<0> is delayed relative to Sp0<0> by one 
clock period, Sp5<0> is delayed relative to Sp5<0> by one 
clock period, and so on. In some embodiments, the first delay 
circuit 320 comprises a second set of n memory elements. 
Each memory element of the second set is coupled to a cor 
responding memory element of the first set to receive and 
store a bit value in one of n sub-streams of the first bit signal 
stream and to produce a delayed version thereof. 
0043. The n-bit digital to analog converter 300 further 
comprises a second current generation circuit 340 coupled to 
the delay circuit 320 to receive the second bit signal stream 
(e.g., Sp1<0>, Sp1<1>,..., Sp1<6> and/or a complementary 
version thereof Sn1<0>, Sn1<1>,..., Sn1<6>). The second 
current generation circuit 340 is configured to provide second 
current I to the first output responsive to receiving the second 
bit signal stream. In other words, 340-0 provides current I to 
Doutp when Sn1<0> is logic 1, 340-5 provides current Is to 
Doutp when Sn1<5> is logic 1, and so on. 
0044. In some embodiments, the second current genera 
tion circuit 340 comprises a second set of n current sources 
342-0 through 342-6 (hereinafter collectively referred to as 
“the second set of current sources 342) and a second set of n 
switches 344-0 through 344-6 (hereinafter collectively 
referred to as “the second set of switches 344). Each current 
Source of the second set of current Sources 342 (including 
current source 342-0, 342-1, and so on) is coupled to the first 
output (e.g., Doutp) via a corresponding Switch of the second 
set of switches 344 (including switch 344-1, 344-2, and so 
on), the corresponding Switch turned on or off responsive to 
receiving the bit value in one of n sub-streams of the second 
bit signal (e.g., Sp1<0>, Sp1<1>. . . . . Sp1<6> and/or a 
complementary version thereof Sn1<0>, Sn1<1>. . . . . 
Sn1<6>). 
0045. As illustrated in FIG. 3, since the second current is 
provided to the first output responsive to the second bit signal 
stream, which is a delayed representation of the first bit signal 
stream (by a first period of time), the waveform of the second 
current is also delayed relative to the waveform of the first 
current by the first period of time, as described below in detail 
with reference to FIG. 4. 
0046. Also, as shown in FIG. 3, the n sub-streams of the 
second bit signal (Sn1<0>, Sn1<1>, ..., Sn1<6>) that drive 
the second set of Switches 344 are inverted (e.g., complemen 
tary) relative to the n Sub-streams of the first bit signal (e.g., 
Sp0<0>, Sp0<1>. . . . . Sp0<6>) that drive the first set of 
switches 334. In effect, the control signal polarity of first 
current generation circuit 330 and that of the second current 
generation circuit 340 are inverted. As a result, a waveform of 
the second current is inverted relative to a waveform of the 
first current. 

0047. In some embodiments, the first output is measured 
as a Voltage drop across resistor R present along the first and 
second current flow paths. Resistor R1 can be integrated into 
a chip with the other components of the DAC, or can be 
configured or connected external to the chip. 
0.048. As a result, a waveform of the second current is 
scaled relative to a waveform of the first current. In other 
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words, a ratio of current provided by current source 342-0 
relative to current provided by current source 332-0 has a 
value ofk; a ratio of current provided by current source 342-5 
relative to current provided by current source 332-5 has a 
Scaling factor of k: a ratio of current provided by current 
source 342-6 relative to current provided by current source 
332-6 has a value ofk; and so on. In some embodiments, the 
waveform of the second current is down-scaled (e.g., by a 
factor of k, where k<0) relative to the waveform of the first 
current. In alternative embodiments (as will be explained with 
reference to FIG. 5), the waveform of the second current is 
up-scaled (e.g., by a factor of 1/k, where k<0) relative to the 
waveform of the first current. In some embodiments, the 
Scaling factor k is a predetermined constant. In alternative 
embodiments, the Scaling factor k is variable or program 
mable. 

0049. As explained with reference to FIG. 1, each current 
source of the first set of n current sources 332 is configured to 
provide a specified value of current (illustrated as Io. . . . . Is 
and I). Current values of consecutive current sources of the 
first set of current sources have binary relationships. In other 
words, if I is a current value for current source 332-0 corre 
sponding to a least significant bit stream (D-0> or Sp0<0>) of 
the DAC, then current value I-2'*I-2*I for the subsequent 
bit sub-stream of the DAC,..., current value Is 2*Io-32*Io, 
current value I-2*I-64*I, and so on. In general, current 
value I, for ann" bit of the DAC would be I-2"*I. In this 
example, current values for corresponding current Sources of 
the second set of current sources 342 are kI 
k*I=k*2'*I-2*I. . . . . I=2^*I-32*I I-2'I-64*I, 
and so on. 

0050. In some embodiments, the n-bit digital to analog 
converter 300 produces a differential output (e.g., Doutp 
Doutn). In such embodiments, the n-bit digital to analog 
converter 300 comprises a second output (e.g., Doutn) to 
receive the third current I, from the first current generation 
circuit 330 and the fourth current I, from the second current 
generation circuit 340. The current at the second output (e.g., 
Doutn) in conjunction with a current at the first output (e.g., 
Doutp) forms a differential signal. A third set switches 336-0 
through 336-6 (hereinafter collectively referred to as “the 
third set of switches 336') and couple or decouple the third 
current source to and from the second output (e.g., Doutn), as 
shown in FIG. 3. Similarly, fourth set switches 346-0 through 
346-6 (hereinafter collectively referred to as “the fourth set of 
switches 346) and couple or decouple the fourth current 
Source to and from the second output (e.g., Doutn). The first 
current and third current are mutually inverse by virtue of 
being activated via complimentary bit streams Sp0 and SnO. 
Similarly, the second current and fourth current are mutually 
inverse by virtue of being activated via complimentary bit 
streams Sp1 and Sn1. 
0051. The DAC 300 of FIG. 3 provides compensation for 
the sinc attenuation at higher frequencies by emphasizing the 
higher frequency signal content—in effect, by providing a 
first order high pass filter response. This first order high pass 
filter operation can be explained in the Z-domain as follows. 
0.052 For simplicity, consider a single ended output mea 
Sured at the first output (Doutp) and considera single input bit 
sub-stream D-0> corresponding to the LSB of the input bit 
stream. The second sub-stream Sp1<0> is delayed relative to 
first sub-stream Sp0<0> by a first time period (e.g., one clock 
cycle period). Thus, a first sub-stream Sp0<0> and a second 
sub-stream Sp1<0> can be represented as: 
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Sp0<0>=xn) (5) 

Sp1<0>=xfn-1 (6) 

0053 Since current I from the first current generation 
circuit 330 is provided to the first output Doutp responsive to 
receiving Sp0<0> and current kI from the second current 
generation circuit 340 is provided to the first output Doutp 
responsive to receiving Sp0<0>, the first output Doutp is 
given by: 

0054 Thus, the Z-transform of the input Sp0<0> is X(z) 
and the Z-transform of the output signal Doutp is: 

Y(z)=(1-k*z). Y(z) (8) 

0055. In this case, the Z-domain transfer function is: 
H(z)=(1-k*z) (9) 

0056. The transfer function H(Z) corresponds to a transfer 
function of a first order high pass filter with a frequency 
response 706 shown in FIG. 7. 
0057 For a differentially measured output, where 
Doutn=-Doutp, Doutp=x n-kx n-1 and Doutn=-xn 
k*xin-1}. The output differential output is: 

fn1=2* {xfn1-k*xfn-1)} (10) 

0058. The Z-transform of the differential output is: 
Y(z)=2*(1-k*z)* X(z) (11) 

0059. In this case, the input signal is also measured differ 
entially between Sp0<0> and SnO<0>. For Sp0=xn), as 
shown in equation (1): 

SnO<0>=-xfni (12) 

0060 
(6): 

Similarly, for Sp1<0>=x n-1 as shown in equation 

0061 Thus, the differential input would be 2*,xn and a 
corresponding Z-transform of the differential input is 2*X(Z). 
Thus, in this case, as well, the Z-domain transfer function is 
also given by: 

0062. The transfer function shown in equation (14) for a 
differential output and differential input, is the same as the 
transfer function of the single ended output and single ended 
input described in equation (9). Thus, the transfer function of 
equation (13) also represents a first order high pass filter and 
is represented in the frequency domain as frequency response 
706 shown in FIG. 7. 
0063 FIG. 4 is a diagram illustrating timing waveforms of 
the current steering digital to analog converter shown in FIG. 
3, according to Some embodiments. The signals illustrated in 
FIG. 4 include the DAC sampling clock signal (CLK) and 
digital input signal for a bit sub-stream of the DAC input bit 
stream (e.g., LSB sub-stream D-0>). Furthermore, for visual 
comparison and t, illustrate the effect of compensation of the 
various DAC output signals responsive to the same digital 
input bit sub-stream, FIG. 4 includes timing waveforms of the 
DAC output signals, with and without compensation. In other 
words, FIG. 4 illustrates the first output (Doutp) without 
compensation, the second output (Doutn) without compen 
sation, and the differential output (Doutp-Doutn) without 
compensation in response to receiving signal D-0>, FIG. 4 
also illustrates the first output (Doutp) with compensation, the 
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second output (Doutn) with compensation, and the differen 
tial output (Doutp-Doutn) with compensation in response to 
receiving the same signal D-(0>. In each case—with and 
without compensation—Doutp and Doutn are complemen 
tary. 
0064. In particular, to highlight or illustrate the effect, in 
the time domain, of the compensation response of DAC 300 
on high frequency signal content in the digital input bit Sub 
stream D-0>, consider the effect of bit transitions in D-0> 
which contain high frequency signal content, on the differen 
tial output signal (Doutp-Doutn) with and without compen 
sation. In particular, consider the effect of two opposite bit 
transitions from logic 1 to logic 0 corresponding to a falling 
edge of D-0> and logic 0 to logic 1 corresponding to a rising 
edge of D<0>. 
0065. Without compensation, responsive to an input bit 
transition, the differential output simply toggles between two 
states (from -1 to +1 for example during time T0; or from +1 
to -1 during time T2; resulting in a peak-to-peak difference of 
2 units or V0). In the absence of a transition, the differential 
signal maintains its previous bit value (+1 for example during 
time T1, or -1 during time T3; resulting in a peak-to-peak 
difference of 2 units or V0). Thus a peak-peak difference 
between output levels of the differential signal, with or with 
out a transition, is substantially identical and is shown as V0 
in FIG. 4. 

0066. In contrast, as illustrated with reference to the dif 
ferential output signal Doutp-Doutn with compensation, 
responsive to an input bit transition, the differential output is 
equal to a value of a first pair of values (+1+K for example 
during time T0; or -1-K during time T2; resulting in a peak 
to-peak difference between these two values emphasized to 
2*(1+K) or V2). In the absence of a transition, the differential 
output is equal to a value of a second pair of values (1-K for 
example during time T1; or -1+K during time T3; resulting in 
a peak-to-peak difference of 2*(1-K) or V1). This emphasis 
in peak-to-peak difference between V2 and V1, with compen 
sation, results in a boost in higher frequency signal content. 
0067. Note that, as explained above, the first time period 
may correspond to a period of the clock (CLK) cycle (e.g., the 
duration of T0, T1, T2, T3). 
0068 Referring to FIG. 7, in the frequency domain, this 
emphasis in a difference between V2 and V1 results in a boost 
in frequency signal content (as illustrated by the compensat 
ing function 706 in FIG. 7). Accordingly, as shown in FIG. 7, 
a resulting frequency response with compensation 704 has a 
flatter response at higher frequencies than does the response 
without compensation 702. 
0069. In some embodiments, the DAC of FIG. 3 is modi 
fied to include one or more additional delay circuits and one 
or more corresponding additional current generation circuits, 
thus providing a higher order high pass filter response (e.g., a 
more flat response at the high signal frequencies). For 
example, a second order filter Y(z)=1-0.125*z'+0.0125*z 
2, the compensation result can reach 0.092 dB flatness. In 
Such embodiments, for each additional current generation 
circuit, a current Scaling constant for the current source is 
scaled by progressively reduced scaling constants. In the 
example of the second order filter Y(z)=1-0.125*z'+0. 
0.125*z’, K=0.125 and the subsequent current scaling con 
stant K=0.0125. 
(0070 Stated differently, to achieve the higher order filter 
compensation (second, third, fourth order and so on), the n-bit 
digital to analog converter may further comprise one or more 
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additional delay circuits coupled to the first delay circuit. The 
filter order achieved by the addition of delay circuits is equal 
to the number of delay circuits added. For example, one delay 
circuit (as in the example of FIG.3) results in a first order high 
pass filter, two delay circuits resultina second order high pass 
filter, three delay circuits result in a third order high pass filer, 
and so on. The one or more additional delay circuits are 
configured to generate a third bit signal stream representing a 
version of the first bit signal stream delayed relative to the 
input bit stream by a second period of time (e.g., two clock 
cycles) that is greater than the first period of time (e.g., one 
clock cycle). Furthermore, the n-bit digital to analog con 
Verter comprises one or more corresponding additional cur 
rent generation circuits coupled to the one or more additional 
delay circuits to receive the third bit signal stream and to 
provide a third current to the first output responsive to receiv 
ing the third bit signal stream, a waveform of the third current 
scaled relative to a waveform of the first current. In the case of 
higher filter orders, for example in the case of a fourth order 
filter implementation comprising first, second, third, fourth 
delay circuits and correspondingly a first, second, third, 
fourth current generation circuits, current provided by even 
order current generation circuits (e.g., the second and fourth 
circuits) is of like polarity (mutually reinforce); current pro 
vided by the odd order current generation circuits (e.g., the 
first and third circuits) is of like polarity (mutually reinforce). 
Odd and even order current generation circuits are of opposite 
polarity (e.g., deemphasize each other). 
(0071 FIG. 5 is a circuit schematic illustrating a current 
steering digital to analog converter (DAC) 500 with fre 
quency response compensation, according to some embodi 
ments. DAC 500 includes a receiving circuit 510 and a first 
current generation circuit 530 the receiving circuit 510 and 
first current generation circuit 530 are substantially the same 
as receiving circuit 110 and current generation circuit 130 of 
FIG. 1 except that the n-bit digital to analog converter 500 
also includes first delay circuit 520 and second current gen 
eration circuit 540. Furthermore, the receiving circuit 510, 
first delay circuit 520, first current generation circuit 530, and 
second current generation circuit 540 are substantially the 
same as receiving circuit 310, first delay circuit 320, first 
current generation circuit 330, and second current generation 
circuit 340, respectively, except that the waveform of the 
second current from the second current generation circuit 540 
in the embodiment of FIG. 5 is up-scaled (e.g., by a factor of 
1/k, where k<0) relative to the waveform of the first current 
from the first current generation circuit 530. 
0072 The first current generation circuit 530 comprises a 

first set of n current sources 532-0 through 532-5 (hereinafter 
collectively referred to as “the first set of current sources 
532) and a first set of n switches 534-0 through 534-5 (here 
inafter collectively referred to as “the first set of switches 
534). The second current generation circuit 540 comprises a 
second set of n current sources 542-0 through 542-5 (herein 
after collectively referred to as “the second set of current 
sources 542) and a second set of n switches 544-0 through 
544-5 (hereinafter collectively referred to as “the second set 
of switches 544). The first set of n current sources 532, the 
first set of n switches 534, the second set of n current sources 
542 (including current source 542-0, 542-1, and so on) and a 
second set of n switches 544 (including switch 544-0, 544-1, 
and so on), may share one or more attributes, respectively, of 
the first set of n current sources 332, the first set of n switches 
334, the second set of n current sources 342 (including current 
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source 342-0, 342-1, and so on) and a second set of n switches 
344 (including switch 344-0, 344-1, and so on). 
0073. However, in contrast to the embodiment of FIG. 3, 
the waveform of the second current I in the embodiment of 
FIG. 5 is up-scaled (e.g., by a factor of 1/k, where k<0) 
relative to the waveform of the first current I. This configu 
ration results a different filter transfer function as compared to 
the transfer function of the configuration illustrated in FIG.3, 
as explained below with reference to equations (15) through 
(20). 
0074 For simplicity, again, considera single ended output 
measured at output Doutp and consider a single input bit 
sub-stream D-0> corresponding to the LSB of the input bit 
stream. Further, consider a first sub-stream Sp0<0>=xn 
(same as in equation 5) and its complementary signal 
Sn0<0>=-Xn (as in equation 10) corresponding to the input 
bit sub-stream D-0>. The second sub-stream Sp1<0> is 
delayed relative to first sub-stream Sp0<0> by a first time 
period (e.g., one clock cycle period). Thus, the second Sub 
stream Sp1<0> Xn-1 (as in equation 6) and its complimen 
tary signal Sn1<0>=-x n-1 (as in equation 13). 
0075 Since current kIc from the first current generation 
circuit 530 is provided to the first output Doutp responsive to 
Sn0<0> and current I from the second current generation 
circuit 540 is provided to the first output Doutp responsive to 
Sp1<0>, the first output Doutp is given by: 

0076. Thus, the Z-transform of the input Sp1<0> is z'*X 
(Z) and the Z-transform of the output signal Doutp is 

0.077 
by: 

In this case, the Z-domain transfer function is given 

0078. The transfer function H(Z) corresponds to a transfer 
function of a first order high pass filter with a frequency 
response 706 shown in FIG. 7. The frequency response of this 
transfer function of substantially identical to the transfer 
function (equation 9 or 14) of the configuration described 
with reference to DAC 300 of FIG. 3. 
(0079. For a differentially measured output, where 
Doutn=-Doutp, Doutp=x n-1-kxn) and Doutn=-xn 
1-kxn}. The differential output is: 

fn1=2* {xfn-1-k*xfn1} (18) 

0080. The Z-transform of the output is: 
Y(z)=2*(z-i-k) X(z) (19) 

I0081. In this case, the input signal is also measured differ 
entially between Sp1<0> and Sn1<0>. For Sp0=xn), SnO=- 
xn; Sp1 is xn-1 and Sn1 is -x n-1. Thus, the differential 
input would be 2*x n-1 and a corresponding Z-transform of 
the differential input is 2*z'*X(z). Thus, in this case, as well, 
the Z-domain transfer function is: 

I0082. Thus, the transfer function of equation 13 also rep 
resents a first order high pass filter and is represented in the 
frequency domain as frequency response 706 shown in FIG. 
7. The frequency response of this transfer function of sub 
stantially identical to the transfer function (equation (9) or 
(14)) of the configuration described with reference to DAC 
3OO of FIG. 3. 
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0083 FIG. 6 includes timing waveforms illustrating vari 
ous operating principles of the second implementation of the 
current steering digital to analog converter shown in FIG. 5, 
according to some embodiments. 
0084 As illustrated with reference to the differential out 
put signal Doutp-Doutn with compensation, responsive to an 
input bit transition, the differential output is equal to a value 
of a first pair of values (-1-K for example during time T0; or 
+1+K during time T2; resulting in a peak-to-peak difference 
between these two values emphasized to 2*(1+K) or V2). In 
the absence of a transition, the differential output is equal to a 
value of a second pair of values (1-K for example during time 
T1; or -1+K during time T3; resulting in a peak-to-peak 
difference of 2*(1-K) or V1). This emphasis in the peak-to 
peak difference between during and in the absence of a tran 
sition (difference between V2 and V1), with compensation, 
results in a boost in higher frequency signal content. 
0085 FIGS. 7 and 8 are frequency response plots illustrat 
ing various operating principles of the implementations of the 
current steering digital to analog converters shown in FIG. 3 
and FIG. 5, respectively, according to Some embodiments. 
FIG. 7 illustrates DAC's output spectrum envelope without 
702 and with 704 compensation, as well as the compensating 
function 706. For a current scaling constant (k) of 0.125, the 
attenuation at frequency /3F is reduced from 1.65 dB to 0.08 
dB by the addition of the compensation circuit and the 
response with compensation exhibits 0.3 dB flatness up to 
/3F. At the lower signal frequencies, the SNR is reduced by 
1 dB compared with the SNR without compensation. 
I0086 FIG. 8 illustrates three families of frequency 
responses—without compensation 802, with compensation 
804, and the compensating function itself.806 to illustrate the 
effect of the current Scaling factor (k) on the frequency 
response of the compensating high pass filter. One or more 
properties of the high pass filter vary with the value of the 
current Scaling factor (k). For example, the flatness specifi 
cation in pass band, attenuation at high frequencies, extent of 
compensation (e.g., overcompensated, critically or optimally 
compensated, or undercompensated), frequency overshoot or 
undershoot at the high frequencies, and the like. Factors that 
affect the choice of the Scaling factor k include signal pass 
band, the flatness requirement in pass band, circuit imple 
mentation (cost, implementation feasibility and ease), current 
bias matching effect, die size, power consumption, and the 
like. FIG. 8 illustrates frequency responses for three values of 
k (0.0625, 0.125, and 0.25). 
0087. By increasing the value of k, the system progres 
sively varies from undercompensated (k=0.0625), to criti 
cally or optimally compensated (e.g., k=0.125), to overcom 
pensated (k=0.25). As other examples, for a first order filter, 
for k=/6, flatness up to /3Fs is 0.179 dB; for k=/10, flatness up 
to /3Fs is 0.2765 dB. 

0088 FIG. 9 is a flowchart illustrating a method of oper 
ating an n-bit digital to analog converter (DAC) with fre 
quency response compensation, according to one embodi 
ment. 

0089 First, an input bit stream (e.g., an n-bit digital bit 
stream) is received 902 at the DAC. A first bit signal stream of 
the input bit stream corresponding to bit values of the input bit 
stream at a time is generated 904. 
0090. A second bit signal stream representing a version of 
the first bit signal stream delayed by a first period of time is 
generated 906. First current is provided 908 to a first output 
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based on the first bit signal stream. The first current corre 
sponds to the first bit signal stream. 
(0091) Second current is provided 910 to the first output 
based on the second bit signal stream. The waveform of the 
second current is inverted and scaled relative to a waveform of 
the first current. In some embodiments, the first output or a 
representation thereof corresponds to an analog output cor 
responding to the input bit stream. 
0092. Although FIG. 9 illustrates providing 908 the first 
current is followed by providing 910 the second current, in 
practice, the first current and the second current is provided at 
Substantially the same time. 
0093 FIG. 10 is a computer system for storing a digital 
representation of a DAC with frequency response compensa 
tion in memory, according to one embodiment. The computer 
system 1000 operates as a standalone device or may be con 
nected (e.g., networked) to other machines. In a networked 
deployment, the computer system 1000 may operate in the 
capacity of a server machine or a client machine in a server 
client network environment, or as a peer machine in a peer 
to-peer (or distributed) network environment. 
0094. The example computer system 1000 includes a pro 
cessor 1002 (e.g., a central processing unit (CPU), a graphics 
processing unit (GPU), a digital signal processor (DSP), one 
or more application specific integrated circuits (ASICs), a 
main memory 1004, a static memory 1006, and a storage unit 
1016 which are configured to communicate with each other 
via a bus 1008. The storage unit 1016 includes a machine 
readable medium 1022 on which is stored instructions 1024 
(e.g., software) embodying any one or more of the method 
ologies or functions described herein. The instructions 1024 
(e.g., Software) may also reside, completely or at least par 
tially, within the main memory 1004 or within the processor 
1002 (e.g., within a processor's cache memory) during execu 
tion thereof by the computer system 1000, the main memory 
1004 and the processor 1002 also constituting machine-read 
able media. The main memory 1004, the static memory 1006, 
and the storage unit 1016 may store digital representation of 
the DAC explained above with reference to FIG. 3 through 
FIG.8. The representation of the DAC may, for example, be 
described in hardware description languages (HDLs) Such as 
Verilog or VHDL. register-transistor level (RTL) or GDS II 
format. 
(0095. The main memory 1004, the static memory 1006, 
and the storage unit 1016 may also store code for executing 
electronic design automation (EDA) operations such as Syn 
thesis and Verification to make various use of the representa 
tion of the DAC described herein. 

0096. While machine-readable medium 1022 is shown in 
an example embodiment to be a single medium, the term 
“machine-readable medium’ should be taken to include a 
single medium or multiple media (e.g., a centralized or dis 
tributed database, or associated caches and servers) able to 
store instructions (e.g., instructions 1024). The term 
“machine-readable medium’ shall also be taken to include 
any medium that is capable of storing instructions (e.g., 
instructions 1024) for execution by the machine and that 
cause the machine to perform any one or more of the meth 
odologies disclosed herein. The term “machine-readable 
medium' includes, but not be limited to, data repositories in 
the form of Solid-state memories, optical media, and mag 
netic media. 
0097. The foregoing description, for purpose of explana 
tion, has been described with reference to specific embodi 
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ments. However, the illustrative discussions above are not 
intended to be exhaustive or to limit the invention to the 
precise forms disclosed. Many modifications and variations 
are possible in view of the above teachings. The embodiments 
were chosen and described in order to best explain the prin 
ciples of the invention and its practical applications. 
What is claimed is: 
1. An n-bit digital to analog converter comprising: 
a receiving circuit configured to receive an input bit stream 

and generate a first bit signal stream of the input bit 
stream corresponding to bit values of the input bit stream 
at a time; 

a first delay circuit coupled to the receiving circuit to 
receive the first bit signal stream, the delay circuit con 
figured to generate a second bit signal stream represent 
ing a version of the first bit signal stream delayed by a 
first period of time; 

a first current generation circuit coupled to the receiving 
circuit to receive the first bit signal stream, the first 
current generation circuit configured to provide first cur 
rent to a first output responsive to receiving the first bit 
signal stream, the first current corresponding to the first 
bit signal stream; and 

a second current generation circuit coupled to the delay 
circuit to receive the second bit signal stream, the second 
current generation circuit configured to provide second 
current to the first output responsive to receiving the 
second bit signal stream, a waveform of the second 
current inverted and scaled relative to a waveform of the 
first current. 

2. The n-bit digital to analog converter of claim 1, wherein 
the waveform of the second current lags the waveform of the 
first current by the first period of time. 

3. The n-bit digital to analog converter of claim 1, wherein: 
the receiving circuit comprises a first set of n memory 

elements, each memory element of the first set config 
ured to receive and store a bit value in one of n sub 
streams of the input bit stream; and 

the first delay circuit comprises a second set of n memory 
elements, each memory element of the second set 
coupled to a corresponding memory element of the first 
set to receive and store a bit value in one of n sub-streams 
of the first bit signal stream. 

4. The n-bit digital to analog converter of claim3, wherein 
the first current generation circuit comprises a first set of n 
current sources and a first set of n Switches, each current 
source of the first set of current sources coupled to the first 
output via a corresponding Switch of the first set of Switches, 
the corresponding switch turned on or off responsive to the bit 
value in one of n sub-streams of the first bit signal stream. 

5. The n-bit digital to analog converter of claim3, wherein 
the second current generation circuit comprises a second set 
of n current Sources and a second set of n Switches, each 
current source of the second set of current Sources coupled to 
the first output via a corresponding Switch of the second set of 
Switches, the corresponding Switch turned on or off respon 
sive to the bit value in one of n sub-streams of the second bit 
signal. 

6. The n-bit digital to analog converter of claim 1, further 
comprising: 

one or more additional delay circuits coupled to the first 
delay circuit and configured to generate a third bit signal 
stream representing a version of the first bit signal 
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stream delayed relative to the input bit stream by a sec 
ond period of time that is greater than the first period of 
time; and 

one or more corresponding additional current generation 
circuits coupled to the one or more additional delay 
circuits to receive the third bit signal stream and to 
provide a third current to the first output responsive to 
receiving the third bit signal stream, a waveform of the 
third current scaled relative to a waveform of the first 
Current. 

7. The n-bit digital to analog converter of claim 1, further 
comprising a second output to receive a third current from the 
first current generation circuit and a fourth current from the 
second current generation circuit, a current at the second 
output in conjunction with a current at the first output forming 
a differential signal. 

8. The n-bit digital to analog converter of claim 1, wherein 
the waveform of the second current is up-scaled relative to the 
waveform of the first current. 

9. The n-bit digital to analog converter of claim 1, wherein 
the waveform of the second current is down-scaled relative to 
the waveform of the first current. 

10. A method of operating an n-bit digital to analog con 
Verter, the method comprising: 

receiving an input bit stream; 
generating a first bit signal stream of the input bit stream 

corresponding to bit values of the input bit stream at a 
time; 

generating a second bit signal stream representing a ver 
sion of the first bit signal stream delayed by a first period 
of time; 

providing first current to a first output based on the first bit 
signal stream, the first current corresponding to the first 
bit signal stream; and 

providing second current to the first output based on the 
second bit signal stream, a waveform of the second 
current inverted and scaled relative to a waveform of the 
first current. 

11. The method of claim 10, further comprising: 
generating a third bit signal stream representing a version 

of the first bit signal stream delayed relative to the input 
bit stream by a second period of time that is greater than 
the first period of time; and 

providing a third current to the first output responsive to 
receiving the third bit signal stream, a waveform of the 
third current scaled relative to a waveform of the first 
Current. 

12. The method of claim 10, further comprising: 
providing a third current to a second output responsive to a 

representation of the first bit signal stream; 
providing a fourth current to the second output responsive 

to a representation of the second bit signal stream; and 
generating a differential signal based on a current at the 

second output in conjunction with a current at the first 
output. 

13. A non-transitory computer readable medium storing a 
representation of an n-bit digital to analog converter, the n-bit 
digital to analog converter comprising: 

a receiving circuit configured to receive an input bit stream 
and generate a first bit signal stream of the input bit 
stream corresponding to bit values of the input bit stream 
at a time; 

a first delay circuit coupled to the receiving circuit to 
receive the first bit signal stream, the delay circuit con 
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figured to generate a second bit signal stream represent 
ing a version of the first bit signal stream delayed by a 
first period of time; 

a first current generation circuit coupled to the receiving 
circuit to receive the first bit signal stream, the first 
current generation circuit configured to provide first cur 
rent to a first output responsive to receiving the first bit 
signal stream, the first current corresponding to the first 
bit signal stream; and 

a second current generation circuit coupled to the delay 
circuit to receive the second bit signal stream, the second 
current generation circuit configured to provide second 
current to the first output responsive to receiving the 
second bit signal stream, a waveform of the second 
current inverted and scaled relative to a waveform of the 
first current. 

14. The non-transitory computer readable medium of claim 
13, wherein the waveform of the second current lags the 
waveform of the first current by the first period of time. 

15. The non-transitory computer readable medium of claim 
13, wherein: 

the receiving circuit comprises a first set of n memory 
elements, each memory element of the first set config 
ured to receive and store a bit value in one of n sub 
streams of the input bit stream; and 

the first delay circuit comprises a second set of n memory 
elements, each memory element of the second set 
coupled to a corresponding memory element of the first 
set to receive and store a bit value in one of n sub-streams 
of the first bit signal stream. 

16. The non-transitory computer readable medium of claim 
15, wherein the first current generation circuit comprises a 
first set of n current sources and a first set of n Switches, each 
current source of the first set of current sources coupled to the 
first output via a corresponding switch of the first set of 
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Switches, the corresponding Switch turned on or off respon 
sive to the bit value in one of n sub-streams of the first bit 
signal stream. 

17. The non-transitory computer readable medium of claim 
15, wherein the second current generation circuit comprises a 
second set of n current Sources and a second set of n Switches, 
each current source of the second set of current sources 
coupled to the first output via a corresponding Switch of the 
second set of Switches, the corresponding Switch turned on or 
off responsive to the bit value in one of n sub-streams of the 
second bit signal. 

18. The non-transitory computer readable medium of claim 
13, further comprising: 
one or more additional delay circuits coupled to the first 

delay circuit and configured to generate a third bit signal 
stream representing a version of the first bit signal 
stream delayed relative to the input bit stream by a sec 
ond period of time that is greater than the first period of 
time; and 

one or more corresponding additional current generation 
circuits coupled to the one or more additional delay 
circuits to receive the third bit signal stream and to 
provide a third current to the first output responsive to 
receiving the third bit signal stream, a waveform of the 
third current scaled relative to a waveform of the first 
Current. 

19. The non-transitory computer readable medium of claim 
13, further comprising a second output to receive a third 
current from the first current generation circuit and a fourth 
current from the second current generation circuit, a current at 
the second output in conjunction with a current at the first 
output forming a differential signal. 

20. The non-transitory computer readable medium of claim 
13, wherein the waveform of the second current is up-scaled 
or down-scaled relative to the waveform of the first current. 
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