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HIGH OUTPUT POWER FIG . 3 illustrates an exemplary layout of a digital - to 
DIGITAL - TO - ANALOG CONVERTER analog converter , according to some embodiments of the 

SYSTEM disclosure ; 
FIG . 4 illustrates four arrays of cells for receiving and 

5 processing an input word in four dual digital - to - analog Matter enclosed in heavy brackets [ ] appears in the converter cores , according to some embodiments of the original patent but forms no part of this reissue specifica disclosure ; tion ; matter printed in italics indicates the additions FIG . 5 shows an illustrative system diagram of a high made by reissue ; a claim printed with strikethrough output power DAC system , according to some embodiments indicates that the claim was canceled , disclaimed , or held 10 of the disclosure ; and invalid by a prior post - patent action or proceeding . FIG . 6 shows an illustrative system diagram of another 
high output power DAC system , according to some embodi PRIORITY DATA ments of the disclosure . 

This is a non - provisional application of U . S . Provisional 15 DESCRIPTION OF EXAMPLE EMBODIMENTS 
Application 61 / 867 , 233 entitled “ HIGH OUTPUT POWER OF THE DISCLOSURE 
DIGITAL - TO - ANALOG CONVERTER SYSTEM ” and 
filed Aug . 19 , 2013 . This referenced provisional application Transmitters are electronic circuits which transmit signals is hereby incorporated by reference . 20 over the wire or over the air to allow remote devices to 

communicate with each other . Transmitters are used in many TECHNICAL FIELD OF THE DISCLOSURE electronic equipment such as base stations , broadcasting 
infrastructure equipment , mobile devices , radios , and any The present disclosure relates generally to providing a practically any electronic device configured to transmit digital - to - analog converter and , more particularly , to pro - 25 signals to another electronic device . Typically , a digital viding a high output power digital - to - analog converter com system generates digital information to be communicated , prising a plurality of digital - to - analog converters in parallel . and a transmitter is provided between the digital system and 
the medium on which information is communicated . The BACKGROUND transmitter would convert the digital information ( i . e . , in a 

30 digital signal ) from the digital system into an analog signal 
Digital to Analog converters are ubiquitous in electronics suitable for transmission over the medium . For instance , a 

where a digital signal is converted into an analog signal , e . g . , radio transmitter may convert the digital signal in baseband 
for output or transmission . Digital to analog converters are into an analog signal suitable for transmission in the radio 
used in many applications including audio output systems frequency domain . In some instances , transmitters are com 
and radio frequency transmitters . There is a myriad of 35 bined with a receiver as part of a transceiver . 
designs for DACs , and the designs may vary depending on Generally , Radio Frequency ( RF ) transmitters can include 
the application and performance requirements . a digital signal source for carrying data , a digital - to - analog 

converter ( DAC ) for converting the digital signal source to 
OVERVIEW an analog signal , and a power amplifier for amplifying the 

40 analog signal prior to transmitting the signal over the air or 
The present disclosure discloses a digital - to - analog con - the cable . As mobile devices become ubiquitous , the need to 

verter ( DAC ) design which is suitable for providing a high provide very efficient RF transmitters and base stations also 
output power high - speed DAC , e . g . , in radio frequency rises . Improving efficiency of radio frequency ( RF ) trans 
applications . The DAC design utilizes a parallel DAC struc mitters is one of the main objectives in RF designs . 
ture , e . g . , having 8 parallel DACs and an aggregate current 45 In some RF designs , the output power of the DAC is 
output , to provide a high and programmable current output important in ensuring high efficiency in the DAC as well as 
( in some implementations , up to 512 mA or more ) . The in the power amplifier . Greater efficiency in the DAC and the 
parallel DAC structure alleviates the design problems which power amplifier improves performance and lowers costs . 

Power is equal to the product of voltage and current , and exist in trying to output a high amount of current using a 
single DAC . The DAC design further utilizes a hybrid 50 increasing the voltage and the current of a DAC is not a 

trivial task . Challenges exist in the hardware in providing a structure which integrates the signal chain for a more high power output DAC . More challenge exists in ensuring reliable system . In some embodiments , the hybrid structure that a DAC with high output power is reliable and is capable uses a CMOS process for the current sources and switches of producing a quality analog output ( with little noise ) . This 
and a GaAs cascode stage for combining the outputs to 55 is especially true when the DAC is used with a digital 
optimally leverage the advantages of both technologies . The pre - distortion ( DPD ) system , which normally performs bet 
result is a highly efficient DAC ( with peak output power ter when the DAC has less random errors . 
programmable up to 29 dBm or more ) . Conventional transmitter DACs used in radio frequency 

systems suffer from drain efficiency problems ( usually less 
BRIEF DESCRIPTION OF THE DRAWING 60 than 1 % ) . Furthermore , some transmitter DACs usually have 

low output currents of 20 mA to 30 mA ( and has a relatively 
FIG . 1 is a simplified circuit diagram illustrating a digital - low power ) . As - the transmitter systems continue to demand 

to - analog converter , according to some embodiments of the higher capacities and bandwidth , the need for having a 
disclosure ; power efficient high power transmitter DAC rises . For this 

FIG . 2 is a simplified circuit diagram illustrating a digital - 65 reason , instead of relying on using a single DAC to provide 
to - analog converter , according to some embodiments of the a high current output ( which can be unreliable ) , the present 
disclosure ; disclosure discloses a DAC which comprises of a plurality 
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of parallel DAC cores . These DAC cores can , in aggregate , difficulties involved in order to efficiently generate high 
generate a high amount of output current and provide a output power in radio frequency ( RF ) DACs . Embodiments 
myriad of design advantages . of the present disclosure aim to achieve high output power 

The present disclosure relates to , in some embodiments , a and high drain efficiency while overcoming some of these 
DAC system comprising four , six , or eight ( or even more ) 5 difficulties . 
parallel DAC cores . According to one aspect of the disclo - Parallel DACs Structure 
sure , the same input word may be provided as the digital FIG . 1 is a simplified circuit diagram illustrating a digital 
input signal to the parallel DAC cores , and the outputs from to - analog converter ( system ) , according to some embodi 
the DAC cores may be combined to provide an aggregate m ents of the disclosure . The DAC system 100 comprises 
analog output . According to another aspect , the outputs of 10 eight parallel DAC cores 102a - h . Each DAC core may be 
the DACs are amplified and combined in a cascode stage . implemented using a suitable CMOS DAC circuit , such as 
The cascode stage may include eight ( or more ) parallel the one shown , configured to receive an digital signal input 
cascodes directly connected to the eight parallel DAC cores . code , and output a pair of differential signals ( e . g . , ip < O > , in 
The cascode stage may include a power combining network < O > for the right - most DAC core ) . While eight DAC cores 
to combine the output power at the outputs of the cascodes . 15 are shown , it is envisioned that other numbers of DAC cores 
The present disclosure further describes design features may also be used , where the DAC system ( or the DAC stage 
which address issues of thermal stability and timing skews of the DAC system ) can include multiple DAC core struc 
which may be present in a layout comprising parallel DACs . tures that are replicated in the hardware layout of the DAC 

The architecture provides a hybrid yet integrated structure system . For instance , it is envisioned that 2 , 4 , 6 , 8 , 10 , 12 , 
which combines two different process technologies , one 2014 , 16 , 18 , 20 , 22 , 24 ( and so forth ) DAC cores may be 
used for the parallel DAC structures to produce a high provided in the DAC system . 
current output , and another one used for the cascode stage to Advantageously , some design requirements in the DAC 
produce a high voltage output . Specifically , the DAC inte hardware may be relaxed ( i . e . , design requirements for the 
grates the power electronics in the converter design by individual - DACs ) when a high output current can be pro 
combining complementary metal - oxide semiconductor 25 vided collectively by the eight individual parallel DAC 
( CMOS ) process and high breakdown voltage compound cores , rather than by a single DAC core . Not only design 
semiconductor ( e . g . , Gallium Arsenide ( GaAs ) ) on a multi - requirements may be relaxed , the additive effect of the 
chip module ( MCM ) . parallel DAC cores provides a high ( aggregate ) current 

Broadly speaking , the parallel DAC cores can be built output when the outputs are combined . As a result , the DAC 
using any one or more of the following : complementary 30 system is able to provide high output power while main 
metal - oxide - semiconductor ( CMOS ) technology , bipolar - taining efficiency and reliability at each parallel DAC core . 
complementary metal - oxide - semiconductor ( BiCMOS ) , In one embodiment , the same input code is provided to 
silicon - on - insulator ( SOI ) , or any other suitable material . each of the parallel DAC core , and the outputs from the 
The cascode stage can be built using any one or more of the parallel DAC can be combined at the output to generate a 
following : Gallium Arsenide ( GaAs ) cascodes and / or Gal - 35 high ( aggregate ) current output to provide a high power 
lium Nitride ( GaN ) cascodes , or cascodes made with any output DAC . Each DAC may have a programmable current 
other suitable material . output , where each DAC core may generate more than 32 

Generating and switching current in fine line CMOS milliamps and in some cases up to 64 milliamps . It is noted 
process is power efficient and fast , but the voltage swing on that such a range of current exceeds conventional DAC 
the transistor is limited . Another advantage of submicron 40 cores on the market . In some cases , each DAC core may 
CMOS process is the amount of digital signal processing generate 40 or more milliamps and up to 64 milliamps , or 50 
which can be integrated in reasonable power / area require - or more milliamps and up to 64 milliamps . 
ments . The high break down voltage of GaAs cascode stage When the outputs of the eight parallel DAC cores are 
enables high output swings while limiting the voltage on combined or aggregated , the DAC system may generate an 
CMOS DAC . Therefore the resulting DAC merges a current 45 analog output signal having more than 256 milliamps and up 
steering DAC core in CMOS with a cascode output driver to 512 milliamps . When compared to DACs which do not 
stage in GaAs to optimally leverage the advantages of both use parallel DAC cores ( generating roughly a maximum of 
technologies . Integrating the signal generation function and 30 milliamps ) , or less than eight parallel DAC cores , the 
the power amplification function together in a DAC allows DAC system may advantageously generate 50 milliamps or 
the designer to budget more power to the DAC and hence 50 more and up to 512 milliamps , 75 milliamps or more and up 
improve performance . to 512 milliamps , 100 milliamps or more and up to 512 

The result is a DAC system which has a high output milliamps , 200 milliamps or more and up to 512 milliamps , 
power and high drain efficiency . In some applications ( e . g . , 300 milliamps or more and up to 512 milliamps , or 400 
depending on the output power requirements ) , the high milliamps or more and up to 512 milliamps . It is further 
output power of the DAC system may eliminate the need to 55 noted that such a range of current using this DAC system of 
have a power amplifier in an RF transmitter , or alleviate the eight parallel DAC core generates a significant amount of 
need for a power amplifier with a very high gain in the RF current that the market has not seen before . While in some 
transmitter , thereby greatly simplifying the overall design of cases , a single DAC core may be configured to generate a 
the RF transmitter . Furthermore , the combined system of the high amount of current . But in such a DAC core , the static 
DAC stage and the cascode stage provides a more seamless 60 and timing matching , the thermal stability , etc . , become 
integration of the signal chain , which adds benefits such as significant design challenges . In some embodiments , a DAC 
stability , smaller footprint , lower cost , better performance , system having four or more parallel DAC cores may operate 
and higher power efficiency . optimally in generating varying output currents ranging 

Integrating the signal generation and the power section of from 100 milliamps to 3 amps , from 100 milliamps to 3 
the transmit path of an RF transmitter is an important step 65 amps , from 500 milliamps to 3 amps , and so forth . It is not 
towards achieving the high level of integration along the practical for a single DAC core to generate such a high 
signal chain . There are numerous challenges and technical output current level . Not only the DAC system is able to 
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generate a high current output , the programmability of each transitions ) , large transient currents appear at the outputs of 
DAC core provides a highly flexible DAC system with a a DAC cores . The switching transient currents from the 
high power output . current source cells of a DAC core may be summed together 

The integrated parallel DAC can address the communi at the DAC output . In particular , the switching transient 
cations infrastructure segment and the wireless infrastruc - 5 currents can generate a huge overshoot when output traces 
ture segment such as the cable modem termination system have large parasitic inductance . The overshoot can cause the 
( CMTS ) , distributed antenna system networks , micro - cell drain voltage of the switches in the DAC cores to exceed the 
base stations , etc . Different output power levels are desired compliance range of the CMOS transistors in the DAC 
in various applications , which can range from around 20 cores . When the drain voltage is too low , it can limit the 
dBm to around 40 dBm . Therefore , the requirement of the 10 normal operation of the current source . When the drain 
output power , or the output current , is a critical parameter . voltage is too high , the drain voltage can exceed the maxi 
The DAC system described in the present disclosure having mum operating voltage allowed in CMOS and give rise to 
the parallel DAC structure can be advantageously imple reliability issues in the DAC core . Thus , stringent design 
mented to meet various output power requirements . constraints are imposed upon output traces to ensure the 

Cascode Stage 15 inductance of the output trace is low to avoid the huge 
Together with the integrated parallel DAC cores , a cas - overshoot of transient currents . 

code stage is provided to achieve even better performance By providing separate traces to connect the outputs of the 
and meet the various output power requirements demanded DAC cores to the inputs of the cascode stage , the transient 
by a wide range of applications . In some embodiments , a current per output pair can be reduced , thereby reducing 
cascode stage 104 is provided in the DAC system 100 . A 20 laminate complexity regarding inductance mitigation . The 
cascode stage can withstand larger voltage swing , which width and length of the traces and the spacing between the 
also enables the DAC system 100 to achieve higher power traces determines the parasitic inductances of the intercon 
output . The cascode stage may include eight parallel cas nect network , and thus directly impact the system perfor 
codes , which are directly connected to the differential ) mance . By carrying a lower current for each trace ( as 
outputs of the eight parallel DAC cores . The outputs of the 25 opposed to carrying a large current at the output of a single 
cascodes may be joined in a power combining network in the DAC core ) , the constraints imposed on the traces are relaxed 
cascode stage to effectively combine and amplify the outputs and provide greater design freedom . By using multiple DAC 
from the eight parallel DAC cores to provide an aggregate cores and separate traces for each of these DAC cores , the 
( high current and high voltage ) analog output ( denoted as transient current on the output traces can be reduced effec 
" outp " and " outn ” in FIG . 1 illustrating an embodiment 30 tively ( and more easily ) for the separate traces and thus 
generating a differential aggregate analog output ) . making it possible to optimize the laminate interconnection 

In some embodiments , the eight parallel DAC cores is network design for the cascode system . 
manufactured using CMOS technology , e . g . , 65 nm CMOS Electromigration is another issue to be considered when 
technology , and the cascode stage comprises GaAs based providing a high current output system . Specifically , elec 
cascodes . The result is a chip produced using a hybrid 35 tromigration reliability in a high current system is a critical 
process . The high break down voltage of GaAs enables high reliability concern and can impose a limiting factor to the 
output voltage swings , which is advantageous for voltage design . By implementing a DAC core with a current output 
amplification because the eight parallel DACs are limited to of up to 64 milliamps instead of a single DAC with a current 
only 1 . 3 V when 65 nm CMOS technology is used for the output of up to 512 milliamps , the design requirements are 
parallel DAC cores . At the same time , CMOS technology 40 relaxed . By connecting the DAC cores directly to the 
provides very power efficient and fast current generation and cascode stage , the difficulty of sourcing a high amount of 
switching . By providing the cascode stage , the overall DAC current , e . g . , 512 milliamps , on CMOS technology is 
system 100 is able to provide high voltage and high current avoided , and thereby alleviating the issue of thermal stress 
output and ensure the reliability of the CMOS DAC cores by on CMOS devices . For instance , narrower metal width and 
limiting the voltage swing of the parallel DAC cores to a 45 less metal stack - up are sufficient to provide a viable design 
suitable level . To provide a two stage amplification process for the network of traces . The relaxed constraints greatly 
leveraging advantages of both CMOS and GaAs technolo - simplify the physical implementation of the chip and help to 
gies , a multi - chip module may be used for integrating the ensure the long term reliability of the system . 
parallel DAC cores and the cascode stage . The design of connecting the DAC cores directly to the 

Interface Between DAC Cores and Cascode Stage 50 cascode stage avoids combining the output ( power ) from the 
FIG . 2 is a simplified circuit diagram illustrating a digital - DAC cores at the output of the DAC cores . The output 

to - analog converter ( system ) , according to some embodi - power from the DAC cores is ( instead ) combined in the 
ments of the disclosure . To connect the DAC cores 202 cascode stage because the power combining network is 
directly to the cascode stage 204 , an interconnect network better provided at the cascode stage output . Effectively , the 
206 or a network of traces may be provided to connect the 55 power combining network is removed from the DAC output 
outputs of the DAC cores using separate traces for each but placed in the cascode stage , thereby alleviating design 
DAC core to the cascode stage . For instance , the eight constraints that power combining networks may impose on 
parallel DAC cores may have eight differential output pairs the DACs . An output power combining network generally 
( or sixteen differential outputs ) , and the eight cascodes may needs to have adequate current drive capability , minimum 
have eight differential input pairs ( or sixteen differential 60 loss of the fundamental power , and wide bandwidth . Pref 
inputs ) . Through sixteen traces in the interconnection net - erably , the output power combining network can combine 
work 206 ( a network of traces ) , the DAC cores are directly the power output without limiting the dynamic performance 
connected to the cascodes . of the DAC cores . For a conventional design of combining 

Overshoots of transient currents appearing at the output of high currents at the output of the DAC cores , the output load 
a DAC core is one of the several issues to consider when 65 needs to be small enough to maintain low voltage swing at 
designing the DAC system such as the one shown in FIG . 1 . the DAC output , but at the same time large enough to 
At each data transition moment ( moment when input data achieve the desired output power . The competing factors 
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would lead to compromises in the design , thereby limiting of the chip , and thereby achieving adequate reliability . 
the maximum output power of the system . Furthermore , the design avoids localized heating or avoids 

By removing the power combining network away from hot spots of the device . 
the DAC output , the DAC cores see less output currents , and Flipped or Complementary Ordering of Cells 
the requirements at the output load imposed on the DAC are 5 In some embodiments , to reduce the timing skew and 
relaxed . For example , the voltage swing at the emitter of the effect of the gradient , every other dual - DAC may be flipped 
GaAs bipolar junction transistor ( BJT ) can be maintained or made complementary in layout . For instance , a DAC 
low , which is advantageous for the DAC design . High output system 300 may have eight parallel DAC cores arranged / 
voltage swings are available at the collector of the GaAs grouped as four dual - DAC structures 302a , 302 , 303c 
cascode stage , allowing further optimization to meet the 10 302d , and every other dual - DAC ( dual - DAC 302b , 302d ) 

are flipped or made complementary with adjacent dual high output power goal . This also allows for greater ampli DACs in the layout . At a block level view in the hardware tude / phase / timing design flexibility of the DAC design . The layout , each dual - DAC has N cells for receiving and / or provision of two different process technologies in the design processing N - bits of a digital input word ( one cell for decouples design requirements at each stage . Furthermore , 15 receiving / processing one bit , e . g . , arranged from top to 
removing the power combining network away from the bottom or one side to another side of the DAC system 300 ) , 
output of the DAC cores allows the requirements of a power and the hardware in the DAC system routes the N bits in the 
combining network to be better met using a different process digital input word across the N cells where the N - bits are 
technology , and thus reaping the benefits of both technolo arranged in a particular order in the layout ( which may not 
gies . 20 be the natural order from the least significant bit to the most 

Dual - DAC Structure significant bit ) . The particular order associated with the 
FIG . 3 illustrates an exemplary layout of a digital - to - layout can be flipped with respect to a next / adjacent dual 

analog converter ( or a digital - to - analog converter stage in a DAC or made complementary with a next / adjacent dual 
DAC system ) , according to some embodiments of the dis - DAC . This feature of providing a reduction in timing skew 
closure . Designing the hardware layout of a DAC stage 25 and effect of the gradient can also be provided at the level 
comprising of many parallel DAC cores can be complex . of parallel DAC cores ( instead of at the level of dual - DACs ) , 
One way to simplify the design of the DAC stage is to where fora parallel DAC core , the order of the N cells can 
group / combine parallel DAC cores , and replicate grouped be flipped or made complementary with a next / adjacent 
DAC cores for the desired number of parallel DAC cores in parallel DAC core . 
the DAC stage . 30 Generally , the clock timing skew among switch units can 

In some embodiments , eight parallel DAC cores are cause mismatches in switching transients . The errors from 
grouped as pairs of two parallel DAC cores into four the switching transient mismatches sum up to a nonlinear 

term and may lead to distortions . In some embodiments , the dual - DAC structures ( dual - DACs 302a , 302 , 303c 302d ) . clock signal is distributed from the bottom of the system and Each of the DAC cores / structures comprises an array of array 935 every other dual - DAC ( e . g . , dual - DAC 302b , 302d ) may be current sources ( shown as “ current array ” in FIG . 3 ) , a bank flipped upside down ( the cells in the dual - DAC are arranged 
of switches ( shown as “ switch bank ” in FIG . 3 ) and switch in a reverse order in the layout ) or next / adjacent dual - DACs 
drivers ( shown as “ switch bank ” in FIG . 3 ) . Furthermore , the are made complementary with each other to compensate for 
parallel DAC cores may include DAC decoders ( shown as the segment / timing skew . In this manner , the same bit in the 
“ DAC decoder ” in FIG . 3 ) and high speed multiplexers 40 digital input word is provided to a cell that is at the top of 
( shown as “ high speed mux ” in FIG . 3 ) . If the parallel DAC the array of cells in every other dual - DAC as well as at the 
cores are grouped together and if the same input word is bottom of another array of cells in the other dual - DACs . By 
provided to each of parallel DAC cores , the DAC decoder flipping the order for a next / adjacent dual - DAC or arranging 
and / or the high speed multiplexer may be structurally shared a next / adjacent dual - DAC with a complementary order , 
between each pair of DAC cores to reduce the complexity of 45 issues arising from timing skews may be averaged or 
the design , alleviates thermal stress , and increases efficiency . mitigated , and the need to implement a clock tree structure 
When there are many DAC cores in the DAC system , is avoided , thereby making the hardware layout easier and at 

thermal stress may be a concern . Especially , the array of the same time alleviating current density issues . A detailed 
current sources , the bank of switches and the switch drivers example is explained further in relation to FIG . 4 . 
for each parallel DAC core tend to be very hot during 50 In the hardware layout , the N cells may be arranged as an 
operation . Due to the different coefficient of thermal expan - array of cells ( arranged one next to each other in the 
sion between metal and the surround material , the thermal hardware layout , e . g . , from top to bottom , as seen in FIGS . 
stress on the die can cause metal connections to break or 3 and 4 ) for receiving processing to N bits arranged in a 
malfunction , leading to performance degradation and in particular order . When the order for a next / adjacent dual 
some cases , a fatal failure of the device . The heat generated 55 DAC is flipped in layout with respect to a dual - DAC , the 
in a high output power DAC system may dissipate from the order / arrangement of the N - bits that the array of N cells in 
chip along multiple paths , one of which is from the chip the next / adjacent dual - DAC processes is reversed with 
surface to the laminate through the bumps . The thermal respect to the order in the dual - DAC . In other words , the 
performance of the chip thus significantly affects the thermal DAC decoder , the switch drivers , and the current source 
stability of the laminate as well . To improve thermal per - 60 array in the array of N cells of the dual - DAC used to 
formance , the ( massive and hot ) transistors in current source receive / process the N bits are arranged in a reverse order 
arrays , switch banks and switch drivers ( shown as eight when compared to the order in the next / adjacent dual - DACs . 
parallel and segmented structures in FIG . 3 ) are arranged When the order of dual - DAC is made complementary with 
positioned in the outer area in the hardware layout of each a next / adjacent dual - DAC , the order / arrangement of the 
dual - DAC . The heat generated from the transistors are thus 65 N - bits that the array of N cells in the next / adjacent dual 
more uniformly distributed across the hardware layout / chip DAC processes is complementary or balanced with respect 
area of the DAC system 300 to enhance the thermal property to the order of the dual - DAC ( to reduce the timing skew and 
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effect of the gradient ) . In other words , the DAC decoder , the are distributed in the middle part . In other words , at least 
switch drivers , and the current source array in the array of some or all of the Y most significant bits are distributed to 
N cells of the dual - DAC used to receive / process the N bits the middle part of the array of cells . 
are arranged in an order that complements the order used by To more evenly distribute the arrangement and order of 
the next / adjacent dual - DACs . 5 the bits , an order of the N bits can be defined by bits in even 

According to one aspect , the hardware layout of each positions arranged an ascending order according to the bit 
dual - DAC has an array of N cells for receiving and pro position ( e . g . , ilsbo , ilsb2 , ilsb4 , ilsb6 , ilsb8 , imsbo , imsbo , 
cessing N bits of a digital input word . For every other imsb2 , imsb4 , . . . imsb30 ) and bits in odd positions arranged 
dual - DAC , the array of N cells receives and processes the N in a descending order according to the bit position ( e . g . , 
bits arranged in a first order of the N bits . For instance , the 10 imsb29 , imsb27 , imsb25 , imsb23 , imsb21 , . . . imsb3 , imsbi , 
" regular version of the dual _ DAC ” ( of FIGS . 3 and 4 ) has ilsb7 , ilsb5 , ilsb3 , ilsbl ) . 
an array of N cells for receiving processing N bits arranged The arrangement of the bits in ascending order may occur 
in a first order . For the other dual - DACs , e . g . , the “ flipped in a contiguous portion of the array of cells , where the order 
complementary version of the dual _ DAC ” ( of FIGS . 3 and of the N bits are defined by at least some of the bits in even 
4 ) or the dual - DACs next / adjacent to the " regular version of 15 positions arranged in an ascending order according to the bit 
the dual _ DAC ” , the array of N cells receives and processes position for a contiguous portion of the array of N cells and 
the N bits arranged in a second order of the N bits . The first at least some of the bits in odd positions arranged in a 
order and the second order are complementary in such a way descending order according to the bit position for the same 
to allow a more even distribution of the bits overall . In some contiguous portion of the array of N cells . 
embodiments , the second order is a reversed order of the first 20 To provide an even more distributed order of the N bits , 
order . some of the bits in even positions may be interleaved in 

According to another aspect , the hardware layout of each arrangement with some of the bits in odd positions . In other 
parallel DAC core has an array of N cells for receiving and words , at least some of the bits in even positions in ascend 
processing N bits of a digital input word . For every other ing order are arranged as every other bit , along with at least 
parallel DAC core , the array of N cells receives and pro - 25 some of the bits in odd positions in descending order as the 
cesses the N bits arranged in a first order of the N bits . For other bits ( in a contiguous portion of the array of cells ) . For 
instance , every other parallel DAC cores , e . g . , a regular instance , the Y most significant bits may be arranged accord 
version of the parallel DAC core has an array of N cells for ing to the order where bits in even position are arranged as 
receiving processing N bits arranged in a first order . For the every other ( one ) bit and the bits in odd position are arranged 
other parallel DAC cores , e . g . , the parallel DAC cores 30 in the rest of the bits . 
next / adjacent to the regular version of the parallel DAC In some embodiments , the interleaving of bits in even 
core , the array of N cells receives and processes the N bits position in an ascending order and bits in odd position in a 
arranged in a second order of the N bits . The first order and descending order may occur in a contiguous portion of the 
the second order are complementary in such a way to allow array of cells ( e . g . , a part of the middle portion or the entire 
a more even distribution of the bits overall . In some embodi - 35 middle portion ) , where an order of the N bits are defined by 
ments , the second order is a reversed order of the first order . at least some of the bits in even positions in ascending order 

Systematic Ordering of Cells and those bits are arranged as every other bit in the order for 
FIG . 4 illustrates four arrays of cells for receiving and at least a contiguous portion of the array of N cells , along 

processing an input word arranged in four dual digital - to - with at least some of the bits in odd positions in descending 
analog converter ( DAC ) cores , according to some embodi - 40 order as the other bits in the order for the contiguous portion 
ments of the disclosure . In this example , each dual - DAC is of the array of N cells . 
a segmented DAC for processing X number of least signifi - A table illustrating the above aspects is shown below 
cant bits and Y number of most significant bits . The sys - showing the systematic ordering ( order 1 ) of the input bits 
tematic ordering of the N bits in the digital input word ( as to the dual - DACs according to one particular exemplary 
routed by hardware ) may be provided to the array of N cells 45 order to alleviate timing skews and effect of the gradient in 
according to / arranged in a particular order to minimize both the layout of the dual - DACs . Note in the embodiment shown 
the timing inaccuracies and / or the effect of the gradient . in FIG . 4 , the dual - DACs alternates between exemplary 

In some embodiments , the hardware layout of each dual - order 1 and a reversed version of exemplary order 1 . 
DAC has an array of X + Y cells for receiving and processing 
X least significant bits and Y most significant bits , e . g . , 50 – 
arranged from top to bottom . One or more of the following EXEMPLARY ORDER 1 
aspects may be employed in the systematic ordering of the 

Bit Part Even / Odd Position bits . 
Top 
Top 
Top 
Top 
Top 

According to one aspect of the systematic ordering of the 
bits in the digital input word , consider an array of X + Y cells 55 
comprising a top part , a middle part , and a bottom part . The 
top and bottom parts of the array of cells are considered at 
the outer part or near the edge of the hardware layout of the 
DAC system . To alleviate edge effects , effects from adjacent 
channels , and other factors , the cells for receiving and 60 
processing the least significant bits are distributed in the top 
part and the bottom part . In other words , at least some or all 
of the X least significant bits ( less performance critical bits , 
shown as “ ilsbO ” , . . . “ ilsb8 ” ) are distributed to the top part 
of the array of cells . The cells for receiving and processing 65 
the most significant bits of the digital input word ( more 
performance critical bits , shown as “ imsbo ” , . . . “ imsb30 % ) 

ilsbo 
ilsb2 
ilsb4 
ilsb6 
ilsb8 
imsbo 
imsb29 
imsb2 
imsb27 
imsb4 
imsb25 
imsb6 
imsb23 
imsb8 
imsb21 
imsb10 

Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 

Even 
Even 
Even 
Even 
Even 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
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- continued 
12 

- continued 
EXEMPLARY ORDER 1 EXEMPLARY ORDER 2 

Bit Part Even / Odd Position Bit Part E ven / Odd Position Contiguous Portion 
N 

N 

N 

N 

N 

10 w 

w 

w 

w 

w 

w 

15 w 

imsb19 
imsb12 
imsb17 
imsb14 
imsb15 
imsb16 
imsb13 
imsb18 
imsbl 1 
imsb20 
imsb9 
imsb22 
imsb7 
imsb24 
imsb5 
imsb26 
imsb3 
imsb28 
imsb1 
imsb30 
ilsb7 
ilsb5 
ilsb3 
ilsbl 

Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Bottom 
Bottom 
Bottom 
Bottom 

Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Odd 
Odd 
Odd 

imsb26 
imsb3 
imsb28 
imsb1 
imsb30 
imsbo 
imsb29 
imsb2 
imsb27 
imsb4 
imsb25 
imsb6 
imsb23 
imsb8 
imsb21 
imsb10 
imsb19 
imsb12 
imsb17 
imsb14 
ilsb7 
ilsb5 
ilsb3 
ilsb1 

Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Bottom 
Bottom 
Bottom 
Bottom 

Even 
Odd 
Even 
Odd 
Even 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Even 
Odd 
Odd 
Odd 
Odd 

w 

w 

w 

w 

w 

w 

20 
w 

A w 

A 

A 

A 

25 

In summary , the least significant bits may be provided to In the above ordering ( order 2 ) , the middle portion has 
cells that are at the outer side of the array ( in the top part and interleaved sequence of bits in even position ( even bits ) and the bottom part ) , and the more performance - critical most odd position ( odd bits ) . Some of the bits in even position are significant bits may be provided to cells residing / arranged in 30 provided in ascending order in segments , e . g . , separately in the middle of the array , e . g . , with imsb15 bit being in the contiguous portion 2 ( imsb16 , imsb18 , imsb20 , center of the array ( in the middle part ) . In the regular version imsb22 , . . . imb28 , imsb30 ) and contiguous portion 3 of the dual - DAC core , the bits in even bit positions can be 
arranged in an ascending order from the top to the bottom of ( imsbo , imsb2 , imsb4 , imsbó , . . . imsb12 , imsb14 ) . Some of 
the array , and the bits in odd bit positions can be arranged 35 35 the bits in odd position are provided in descending order in 
in an ascending order from the bottom to the top of the array . segments , e . g . , separately in contiguous portion 2 ( imsb15 , 
The sequence can be reversed in the flipped version of the imsb13 , imsbll , imsb9 , . . . imsb 3 , imsbl ) and contiguous 
dual - DAC core . The bits in even positions and the bits in odd portion 3 ( imsb29 , imsb27 , imsb25 , . . . imsb19 , imsb17 ) . 
positions are interleaved in the middle part of the array . This Note that exemplary order 1 is a special case where the bits 
averaging technique effectively suppresses the errors caused 40 in even positions are provided in an ascending order for the 
by the timing skew and / or the gradient . Conventional meth - entire array of cells , and the bits in odd position are provided 
ods may randomize input bits to reduce such effect , but the in a descending order for the entire array of cells . 
present disclosure proposes a systematic pattern which bet Variations on Complementary Ordering 
ter reduces such effects . 

Besides the systematic pattern shown in the table above , 45 There are several possible variations on pairing two 
other orderings can also be used . The following table orders which are complementary . For instance , exemplary 
illustrates another further exemplary ordering of cells ( ex order 1 and a reversed version of exemplary order 1 are 
emplary order 2 ) : complementary . In another instance , exemplary order 2 and 

a reversed version of exemplary order 2 are complementary . 
50 In yet another instance , a reversed version of exemplary 

EXEMPLARY ORDER 2 order 1 and exemplary order 2 are complementary . In yet a 
further instance , exemplary order 1 and a reversed version of 

Bit Even / Odd Position Contiguous Portion exemplary order 2 are complementary . Note exemplary 
ilsbo Top order 1 and exemplary order 2 are illustrative orderings 
ilsb2 Top Even 55 having the features described herein , it is envisioned that 
ilsb4 Top Even other illustrative orderings having the same features can also 
ilsb6 Top be used for providing complementary ordering . ilsb8 Even 
imsb15 Middle Although specific examples are shown in the present 
imsb16 Middle Even disclosure , it is envisioned that other patterns following the 
imsb13 Middle Odd 60 spirit of the above examples can be used . Furthermore , imsb18 Middle Even 
imsb11 Middle Odd besides providing complementary ordering for adjacent 
imsb20 Middle Even dual - DACs , the complementary ordering can also be pro 
imsb9 Middle Odd vided for parallel - DAC cores which have not been grouped imsb22 Middle Even 
imsb7 as pairs ( i . e . , not grouped as dual - DACs ) . The complemen Middle Odd 
imsb24 Middle Even 65 tary ordering would alternate between two complementary 
imsb5 Middle orders from one single DAC to the next / adjacent single 

DAC . 

Part 

Even 

Even 
Top 

Odd HHHHHNNNNNNNNNNN Odd 
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High Output Power DAC System as an FIR Filter tic effects . During the calibration process , the amplitude and 
FIG . 5 shows an illustrative system diagram of a high phase coefficients of the correction vector can be extracted 

output power DAC system . Leveraging the benefits from the and the correction vector can be combined with the original 
hardware design of such DAC system 500 , a digital signal input vector to achieve the narrowband correction . 
processor 502 may be provided to manipulate the digital 5 Open loop DPD is a relatively straightforward technique 
input ( e . g . , low voltage differential signal ( LVDS ) input ) to that makes signal corrections based on a static model of the 
achieve one or more other objectives . For instance , system distortion and / or non - ideal errors of the system ( without any 
performance may be improved by arranging bits in a digital adaptation algorithm ) , which may have been characterized 
input word in a specific / random manner to improve the at design time , or perhaps at factory calibration . Open loop 
spurious performance . Alternatively , the arrangement of bits 10 DPD can be efficiently implemented using a lookup table 
may be provided by hardware as shown in FIG . 4 or having indexed by a sample of the signal to be pre - distorted , 
variations thereof . containing correction coefficients derived from the mea 

In one instance , input codes can be arranged by the digital sured distortion of the DAC system . 
signal processor 502 ( and the DAC cores may be pro - The random effects of the mismatch errors are reduced 
grammed ) to provide a filtering function . In one embodi - 15 maximally in the described DAC system through reducing 
ment , the parallel DAC cores can provide a finite impulse both the static mismatch errors of the current source array 
response ( FIR ) filter . An FIR filter may implement a delay , and the timing mismatch errors of the switches / switch 
a linear multiplier , multiplier coefficients , and a summation . drivers . An open - loop DPD system that is not sensitive to the 
Accordingly , an FIR filter structure can be created using the digital back off levels , the part - to - part variation , the board 
parallel DAC cores by manipulating the input codes to each 20 to - board variation , the temperature , and the number of the 
parallel DAC core using the digital signal processor 502 and carriers , can be implemented due to the unique characteristic 
combining the output in the cascode stage to provide a of the DAC system . In this implementation , one single set of 
summation for the FIR filter . Each DAC core has a sample - coefficients can be used to compensate for the non - linearities 
and - hold function and can use the different input code to under multiple corner conditions mentioned above . This 
provide a delay for the FIR filter . Furthermore , each DAC 25 greatly reduces the matrix size of the pre - distortion coeffi 
core has an array of current sources for performing ( highly ) cients and the digital computation power . 
linear multiplication for the FIR filter . The output current of By not using a closed - loop DPD , the complexity of the 
the DAC cores are programmable to correspond to multi - system is significantly reduced . In other existing systems 
plier coefficients of the FIR filter . The large and program that require DPD , the mismatch in the system has significant 
mable range of the DAC currents in the proposed design can 30 effects so that either the closed - loop DPD ( adaptive ) or 
set highly precision and programmable multiplier coeffi - calibration at each condition is necessary which leads to a 
cients . The summation is performed at the system output by large matrix of the coefficients and sometimes becomes 
the output power combining network at no additional cost . unpractical . 
The power dissipation of the multiplication and summation Any suitable digital pre - distortion processor may be used , 
is negligible . Therefore , it provides a particularly suitable 35 for example , a narrow band digital pre - distortion processor 
solution for analog FIR filter with lower power consump - which can optimize performance within a particular range 
tion . frequencies of the DAC system . Or preferably , a broadband 

High Output Power DAC System with Digital Predistor digital pre - distortion processor may be used , which may 
tion provide a better overall spectrum . It is noted that a digital 

FIG . 6 shows an illustrative system diagram of another 40 pre - distortion system works better against systematic errors 
high output power DAC system , according to some embodi - than random errors / effects . By reducing the DAC random 
ments of the disclosure . One feature of the cascode stage in errors and providing an integrated signal chain , less random 
the DAC system as shown in FIGS . 1 and 2 may serve as a effects are present , thereby allowing the digital pre - distor 
power amplifier in a radio frequency transmitter for ampli - tion system to work effectively in correcting the non 
fying and combining the outputs of the parallel DAC - cores 45 linearity present in both the cascode stage and the DAC . 
in the DAC stage . As in many power amplifiers , non - Exemplary Application and Implementation 
linearities are often present , especially when the power To further clarify the present embodiments , an illustrative 
amplifier is operating or is desired to operate in a high implementation of the DAC system is explained below . 
efficiency high output power mode . To alleviate issues / errors Using the concepts explained herein , a high output power 
in the DAC stage and the cascode stage , a DAC system may 50 high speed DAC can be provided . In one illustrative imple 
be provided to include a digital pre - distortion processor 602 mentation , a 14 bit 6 . 4 giga - samples per second ( GSPS ) RF 
for pre - distorting the digital input signal by measuring DAC is provided using a hybrid process , using 65 nm 
non - linearities present at the DAC stage and the cascode CMOS technology for the parallel DAC cores and using 
stage ( in some cases error ( s ) could also be measured ) . For GaAs technology for the cascode stage . The peak output 
instance , non - linearities may be measured by comparing the 55 power may be programmable up to 29 dBm with 50 ohm 
output of the DAC stage and / or the cascode stage against an double terminated output load ( power ratio in decibels ( dB ) 
expected output to determine the non - linear behavior of the of the measured power referenced to one milliwatt ( mW ) ) . 
DAC stage and / or the cascode stage . An inverse of the This result is more than 200 times the output power of a 
non - linear behavior may be determined and provided as an conventional transmitter ( TX ) DAC . The achievable drain 
input to the DAC stage and / or the cascode stage . Alterna - 60 efficiency of the DAC running at 6 . 4 GSPS is 20 % , which 
tively , the non - linearity can also be compensated for by includes a data interface and the digital processing , where 
restoring the signal , for example , the current pulse in the conventional DACs operate with drain efficiencies of less 
DAC , to its ideal waveform . than 1 % . The power dissipation of the overall system is only 

The system performance can be further improved by 2 . 3 W for 23 dBm peak output power at the full DAC update 
applying digital pre - distortion ( DPD ) . External narrowband 65 rate of 6 . 4 GSPS . If provided with an external digital 
DPD may be applied to the system in order to reduce the pre - distortion ( DPD ) in a RF transmitter using this DAC and 
nonlinearities of the GaAs and other short - term determinis a power amplifier , the system can synthesize the down 
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stream cable spectrum from direct current ( DC ) to 1 . 28 GHz Variations on Implementation 
and support , e . g . , Data Over Cable Service Interface Speci While the embodiments disclosed herein relates to a DAC 
fication ( DOCSIS ) 3 . 0 application . having eight parallel DAC cores , other numbers of parallel 
Moreover , in a cable modem termination system , both the DAC cores , such as 2 , 4 , 6 , 8 , 10 , 12 , 14 , 16 , any suitable 

coarse gain setting and the fine gain adjustment are neces - 5 multiples of two , preferably multiples of four , etc . , are 
sary . These coarse gain setting and fine gain adjustments are envisioned and considered part of the disclosure . It is noted 
in general implemented by the variable gain amplifier that the choice of number of parallel DAC cores depend on 
( VGA ) before the power amplifier . With the integration of multiple trade - offs . While the use of more parallel DAC 
the parallel DAC and the cascode system , the coarse and the cores in a DAC system in theory would generate a higher 
fine gain DACs can be used to replace the function of the 10 power output than a DAC system with less parallel cores , the 
VGA and adjust the output power through the programmable use of more parallel DAC cores significantly increases the 
current . The reference current is controlled and as the result design / layout complexity of the hardware chips . Accord 
the total output current is programmed accordingly . ingly , the use of eight parallel DAC cores was chosen in 

In 14 - bit 6 . 4 GSPS RF DAC , the DAC may utilize a view of the competing factors . 
quad - switch architecture to effectively enable dual - edge 15 In the discussions of the embodiments above , the capaci 
clocking operation and a constant switching scheme , thereby tors , clocks , DFFs , dividers , inductors , resistors , amplifiers , 
reducing the requirements of the power - supply system and switches , digital core , transistors , and / or other components 
on - chip noise isolation . Furthermore , the DAC system may can readily be replaced , substituted , or otherwise modified in 
use double data rate ( i . e . , clocking the data on the rising and order to accommodate particular circuitry needs . Moreover , 
falling edge of the clock ) to achieve up to 6 . 4 GHz GSPS 20 it should be noted that the use of complementary electronic 
data rate . The DAC system may support a dual - port 1 . 6 devices , hardware , software , etc . offer an equally viable 
GSPS low voltage differential signaling ( LVDS ) data inter - option for implementing the teachings of the present disclo 
face . The digital interface thus comprises of two 14 bit sure . 
LVDS ports running at a maximum speed of 1 . 6 GSPS , and In one example embodiment , any number of electrical 
provides an effective input data rate of 3 . 2 GSPS . Using the 25 circuits of the FIGURES may be implemented on a board of 
double data rate clocking , the DAC system can achieve a an associated electronic device . The board can be a general 
sampling rate of 6 . 4 GSPS . The on - chip digital engine may circuit board that can hold various components of the 
bridge the gap between the 3 . 2 GSPS of the input data rate internal electronic system of the electronic device and , 
and the 6 . 4 GSPS data - rate by 2x interpolating the input further , provide connectors for other peripherals . More spe 
data . In addition , a mix - mode may be implemented to 30 cifically , the board can provide the electrical connections by 
enhance the output power in the 2nd and 3ra Nyquist zone . which the other components of the system can communicate 
The interpolation may support 80 % of the input bandwidth electrically . Any suitable processors ( inclusive of digital 
and thereby providing an effective synthesizable bandwidth signal processors , microprocessors , supporting chipsets , 
of 1 . 28 GHz . etc . ) , memory elements , etc . can be suitably coupled to the 
Merging Parallel DACs with Cascode Stage 35 board based on particular configuration needs , processing 
The provision of a two stage process in this DAC using demands , computer designs , etc . Other components such as 

hybrid technologies allows the decoupling of requirements , external storage , additional sensors , controllers for audio / 
and thereby relaxing the design requirements of the DAC video display , and peripheral devices may be attached to the 
system while leveraging the benefits of both technologies . board as plug - in cards , via cables , or integrated into the 
As a result , with greater flexibility , the design of the DAC 40 board itself . 
system is able to achieve higher output power and higher In another example embodiment , the electrical circuits of 
drain efficiency . the FIGURES may be implemented as stand - alone modules 

In some embodiments , the GaAs heterojunction bipolar ( e . g . , a device with associated components and circuitry 
transistors used in the cascode stage may have a collector - configured to perform a specific application or function ) or 
emitter breakdown voltage of 16V . In some applications , the 45 implemented as plug - in modules into application specific 
GaAs heterojunction bipolar transistors may operate with a hardware of electronic devices . Note that particular embodi 
supply voltage of 6 V ( as seen in FIG . 4 ) . This configuration ments of the present disclosure may be readily included in 
offers a high output power capability of 200 times more than a system on chip ( SOC ) package , either in part , or in whole . 
conventional transmitter DACs . Generally speaking , the An SOC represents an IC that integrates components of a 
limits regarding the output power are the breakdown volt - 50 computer or other electronic system into a single chip . It 
ages of the cascode transistor and the thermal characteristics may contain digital , analog , mixed - signal , and often radio 
of the package . In some embodiments , the eight parallel frequency functions : all of which may be provided on a 
differential pair GaAs cascodes are connected to the n - chan - single chip substrate . Other embodiments may include a 
nel MOSFET ( NMOS ) DAC cores . A feedback path which multi - chip - module ( MCM ) , with a plurality of separate ICs 
is a replica of the main differential pair may be utilized in a 55 located within a single electronic package and configured to 
closed - loop to establish Vbase voltage ( as seen in FIG . 4 ) to interact closely with each other through the electronic pack 
the GaAs cascode . age . In various other embodiments , the amplification func 
Merging CMOS and GaAs in one MCM is made possible tionalities may be implemented in one or more silicon cores 

by advances in 3D Packaging technology . The merged chip in Application Specific Integrated Circuits ( ASICS ) , Field 
comprises a Flip Chip BGA assembly with 2 hybrid dies in 60 Programmable Gate Arrays ( FPGAs ) , and other semicon 
one package . Both CMOS and GaAs dies are flip - chips . ductor chips . 
Cupillar bumping is incorporated for 65 nm CMOS and It is also imperative to note that all of the specifications , 
GaAs dies . 12 mm * 12 mm 196 ball flip chip BGA ( ball grid dimensions , and relationships outlined herein ( e . g . , the num 
array ) package is chosen with the heat spreader on the top to ber of processors , logic operations , etc . ) have only been 
improve the thermal resistance . The two hybrid dies are 65 offered for purposes of example and teaching only . Such 
integrated on the laminate side - by - side with minimum information may be varied considerably without departing 
allowed die - to - die spacing to reduce the electrical parasitics . from the spirit of the present disclosure , or the scope of the 
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appended claims . The specifications apply only to one and modifications as falling within the scope of the 
non - limiting example and , accordingly , they should be con appended claims . In order to assist the United States Patent 
strued as such . In the foregoing description , example and Trademark Office ( USPTO ) and , additionally , any read 
embodiments have been described with reference to particu ers of any patent issued on this application in interpreting the 
lar processor and / or component arrangements . Various 5 claims appended hereto , Applicant wishes to note that the 
modifications and changes may be made to such embodi - Applicant : ( a ) does not intend any of the appended claims to 
ments without departing from the scope of the appended invoke paragraph six ( 6 ) of 35 U . S . C . section 112 as it exists 
claims . The description and drawings are , accordingly , to be on the date of the filing hereof unless the words “ means for ” 
regarded in an illustrative rather than in a restrictive sense . or “ step for ” are specifically used in the particular claims ; 

Note that the activities discussed above with reference to 10 and ( b ) does not intend , by any statement in the specifica 
the FIGURES are applicable to any integrated circuits that tion , to limit this disclosure in any way that is not otherwise 
involve signal processing , particularly those that can execute reflected in the appended claims . 
specialized software programs , or algorithms , some of 
which may be associated with processing digitized real - time OTHER NOTES , EXAMPLES , AND 
data . Certain embodiments can relate to multi - DSP signal 15 IMPLEMENTATIONS 
processing , floating point processing , signal / control process 
ing , fixed - function processing , microcontroller applications , Note that all optional features of the apparatus described 
etc . above may also be implemented with respect to the method 

In certain contexts , the features discussed herein can be or process described herein and specifics in the examples 
applicable to radio frequency wireless communications , 20 may be used anywhere in one or more embodiments . 
radar , audio and video equipment , base stations , transmit In one example , a system is provided ( that can include any 
ters , and other digital - processing - based systems which may suitable circuitry , dividers , capacitors , resistors , inductors , 
benefit from a high power output DAC . Specifically , the ADCs , DFFs , logic gates , software , hardware , links , etc . ) 
features discussed herein can be applied to the communica that can be part of any type of computer , which can further 
tions infrastructure segment and the wireless infrastructure 25 include a circuit board coupled to a plurality of electronic 
segment , such as the cable modem termination system components . The system can include means for clocking 
( CMTS ) , e . g . , DOCSIS , distributed antenna system net data from the digital core onto a first data output of a macro 
works , e . g . , active antenna system , micro - cell base stations , using a first clock , the first clock being a macro clock ; means 
etc . for clocking the data from the first data output of the macro 
Note that with the numerous examples provided herein , 30 into the physical interface using a second clock , the second 

interaction may be described in terms of two , three , four , or clock being a physical interface clock ; means for clocking a 
more electrical components . However , this has been done first reset signal from the digital core onto a reset output of 
for purposes of clarity and example only . It should be the macro using the macro clock , the first reset signal output 
appreciated that the system can be consolidated in any used as a second reset signal ; means for sampling the second 
suitable manner . Along similar design alternatives , any of 35 reset signal using a third clock , which provides a clock rate 
the illustrated components , modules , and elements of the greater than the rate of the second clock , to generate a 
FIGURES may be combined in various possible configura - sampled reset signal ; and means for resetting the second 
tions , all of which are clearly within the broad scope of this clock to a predetermined state in the physical interface in 
Specification . In certain cases , it may be easier to describe response to a transition of the sampled reset signal . 
one or more of the functionalities of a given set of flows by 40 The ‘ means for ' in these instances ( above ) can include 
only referencing a limited number of electrical elements . It ( but is not limited to ) using any suitable component dis 
should be appreciated that the electrical circuits of the cussed herein , along with any suitable software , circuitry , 
FIGURES and its teachings are readily scalable and can hub , computer code , logic , algorithms , hardware , controller , 
accommodate a large number of components , as well as interface , link , bus , communication pathway , etc . In a sec 
more complicated / sophisticated arrangements and configu - 45 ond example , the system includes memory that further 
rations . Accordingly , the examples provided should not limit comprises machine - readable instructions that when 
the scope or inhibit the broad teachings of the electrical executed cause the system to perform any of the activities 
circuits as potentially applied to a myriad of other architec discussed above . 
tures . Examine 1 is a digital to analog converter ( DAC ) , the 
Note that in this Specification , references to various 50 DAC comprising M parallel DAC cores , wherein : M is an 

features ( e . g . , elements , structures , modules , components , integer greater or equal to 4 ; each DAC core converts a 
steps , operations , characteristics , etc . ) included in " one digital input signal to an analog output signal ; and the same 
embodiment " , " example embodiment ” , “ an embodiment ” , input digital word is provided as the digital input signal to 
" another embodiment ” , “ some embodiments ” , “ various the plurality of parallel DAC cores ; and a cascode stage 
embodiments ” , “ other embodiments ” , “ alternative embodi - 55 directly connected to the outputs of the M parallel DAC 
ment ” , and the like are intended to mean that any such cores for combining the outputs of the M parallel DAC cores 
features are included in one or more embodiments of the to provide an aggregate analog output . 
present disclosure , but may or may not necessarily be In Example 2 , the subject matter of Example 1 can 
combined in the same embodiments . Note that all optional optionally include M being greater or equal to 8 . 
features of the apparatus described above may also be 60 In Example 3 , the subject matter of Example 1 or 2 can 
implemented with respect to the method or process optionally include the M parallel DAC cores being built 
described herein and specifics in the examples may be used using any one or more of the following : complementary 
anywhere in one or more embodiments . metal - oxide - semiconductor ( CMOS ) technology , bipolar 
Numerous other changes , substitutions , variations , altera complementary metal - oxide - semiconductor ( BiCMOS ) , and 

tions , and modifications may be ascertained to one skilled in 65 silicon - on - insulator ( SOI ) ; and / or the cascode stage com 
the art and it is intended that the present disclosure encom - prising Gallium Arsenide ( GaAs ) cascodes and / or Gallium 
pass all such changes , substitutions , variations , alterations , Nitride ( GaN ) cascodes . 
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In Example 4 , the subject matter of any one of Examples ous portion of the array of N cells and at least some of the 
1 - 3 can optionally include the cascode stage comprising M bits in odd positions arranged in a descending order accord 
cascodes each connected to a corresponding parallel DAC ing to the bit position for the contiguous portion of the array 
cores directly through a network of traces . of N cells . 

In Example 5 , the subject matter of any one of Examples 5 In Example 14 , the subject matter of Example 12 or 13 1 - 4 can optionally include : the M number of parallel DAC 
cores comprising M differential output pairs or 2M differ can optionally include : the first order of the N bits being 
ential outputs ; the M cascodes comprising M differential defined by at least some of the bits in even positions in 
input pairs or 2M differential inputs ; and the M differential ascending order are arranged as every other bit in the first 
output pairs or 2M differential outputs of parallel DAC cores 10 order for at least a contiguous portion of the array of N cells , 
being connected directly to the M differential input pairs or along with at least some of the bits in odd positions in 
2M differential outputs of the cascodes respectively through descending order as the other bits in the first order for the 
the network of traces . contiguous portion of the array of N cells . 

In Example 6 , the subject matter of Example 2 can In Example 15 , the subject matter of any one of Examples 
optionally include the 8 parallel DAC cores being grouped 15 1 - 14 can optionally include the DAC generating an analog 
into pairs of 2 parallel DACs as 4 dual - DACs in the output signal having a current between 256 milliamps to 512 hardware layout of the DAC . ( Alternatively , the subject milliamps . matter of any one of Examples 1 - 5 can optionally include the 
M parallel DAC cores being grouped into pairs of 2 parallel In Example 16 , the subject matter of any one of Examples 
DACs as M / 2 dual - DACs in the hardware layout of the 201 - 15 can optionally include the DAC generating an analog 
DAC . ) output signal having a current between 512 milliamps to 3 

In Example 7 , the subject matter of Example 6 can amps . 
optionally include : each of 8 parallel DAC comprising ( 1 ) an Example 17 is a digital - to - analog converter ( DAC ) sys 
array of current sources , and ( 2 ) a bank of switches and tem for converting a digital input signal to an analog output 

urces and ( ? ) 25 signal , the DAC system comprising : a DAC stage compris the bank of switches and the switch drivers are arranged in ing M parallel DAC cores , wherein M is equal to or greater 
the outer area of the 4 dual - DACs in the hardware layout of than 4 ; a cascode stage comprising M parallel cascodes the DAC . connected to the output of the eight parallel DAC cores , the In Example 8 , the subject matter of Example 6 or 7 can 
optionally include : each dual - DAC comprising a DAC 30 cascode stage configured to amplify and combine the out 

puts of the M parallel DAC cores , wherein the outputs of the decoder and a high speed multiplexer ; and the DAC decoder 
and the high speed multiplexer being shared between the DAC cores in the DAC stage and inputs of the cascodes in 
two parallel DAC of each dual - DAC . cascode stage are directly connected through a network of 

In Example 9 , the subject matter of any one of Examples traces ; and a digital pre - distortion processor for ( 1 ) provid 
6 - 8 can optionally include the hardware layout of every 35 ing an inverse of the non - linearity as input to the DAC stage 
adjacent dual - DAC is flipped to compensate for timing skew and / or the cascode stage to compensate non - ideal errors of 
and / or the gradient . the DAC stage and / or the cascode stage by and / or ( 2 ) restore 

In Example 10 , the subject matter of any one of Examples the ideal waveforms to compensate the non - ideal errors 
6 - 9 can optionally include : the hardware layout of each present in the DAC stage and / or the cascode stage . 
dual - DAC having an array of N cells for receiving and 40 In Example 18 , the subject matter of Example 17 can 
processing N bits of a digital word arranged in a particular optionally include any one of Examples 2 - 16 . 
order of the N bits ; and the particular order of the N bits that 
the array of N cells processes alternating for the dual - DACs In Example 19 , the subject matter of Example 17 or 18 
between a regular order and a reversed order . can optionally include the digital pre - distortion processor 

In Example 11 , the subject matter of any one of Examples 45 being an open - loop digital pre - distortion processor . 
6 - 10 can optionally include : the hardware layout of each Example 20 is an apparatus for providing a finite impulse 
dual - DAC having an array of X + Y cells for receiving and response filter ( FIR ) , the apparatus comprising : M parallel 
processing X least significant bits and Y most significant DAC cores , wherein M is an integer greater or equal to 4 and bits ; the array of X + Y cells comprising a top part , a middle each DAC core converts a digital input signal to an analog part , and a bottom part arranged in the hardware layout ; the 50 output signal ; a cascode stage directly connected to the cells for receiving and processing the least significant bits 
being distributed in the top part and the bottom part ; and the outputs of the M parallel DAC cores for combining the 
cells for receiving and processing the most significant bits of outputs of the M parallel DAC cores to provide an aggregate 
the digital input word being distributed in the middle part . analog output ; a digital signal processor configured to dis 

In Example 12 , the subject matter of any one of Examples 55 tribute different input codes to the M parallel DAC cores to 
6 - 11 can optionally include : the hardware layout of each provide a finite impulse response ( FIR ) filter using the M 
dual - DAC having an array of N cells for receiving and parallel DACs ; a cascode stage comprising a network of M 
processing N bits of a digital input word ; for every other cascodes connected to the M parallel DAC cores , the cas 
dual - DAC , the array of N cells receiving and processing the code stage configured to perform a summation for the FIR 
N bits arranged in a first order of the N bits ; for the other 60 filter ; wherein : each of the M parallel DACs uses different dual - DACs , the array of N cells receiving and processing the input codes to implement delay for the FIR filter ; each of the N bits arranged in a second order of the N bits ; and wherein 
the second order complements the first order . M parallel DACs comprises an array of current sources for 

In Example 13 . the subject matter of Examples 12 can performing linear multiplication for the FIR filter ; and the 
optionally include the first order of the N bits being defined 65 output current of each of the M parallel DACs are program 
by at least some of the bits in even positions arranged in an m able to correspond to multiplier coefficients for the FIR 
ascending order according to the bit position for a contigu filter . 
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9 . The DAC of claim 6 , wherein : 
the hardware layout of every adjacent dual - DAC is 

flipped to compensate for timing skew and / or the 
gradient . 

10 . The DAC of claim 6 , further comprising : 
the hardware layout of each dual - DAC has an array of N 

cells for receiving and processing N bits of a digital 
word arranged in a particular order of the N bits ; and 

the particular order of the N bits that the array of N cells 
processes alternates for the dual - DACs between a regu 
lar order and a reversed order . 

11 . The DAC of claim 6 , wherein : 
the hardware layout of each dual - DAC has an array of 

X + Y cells for receiving and processing X least signifi 
cant bits and Y most significant bits ; 

the array of X + Y cells comprises a top part , a middle part , 
and a bottom part arranged in the hardware layout ; 

the cells for receiving and processing the least significant 
bits are distributed in the top part and the bottom part ; 

10 

and 

What is claimed is : 
[ 1 . A digital to analog converter ( DAC ) , the DAC com 

prising : 
M parallel DAC cores , wherein : 

M is an integer greater or equal to 4 ; 
each DAC core converts a digital input signal to an 

analog output signal ; and 
the same input digital word is provided as the digital 

input signal to the plurality of parallel DAC cores ; 
and 

a cascode stage directly connected to the outputs of the M 
parallel DAC cores for combining the outputs of the M 
parallel DAC cores to provide an aggregate analog 
output . ] 15 [ 2 . The DAC of claim 1 , wherein M is greater or equal to 

8 . 1 
3 . The DAC of claim 1 , wherein : 
the M parallel DAC cores are built using any one or more 

of the following : complementary metal - oxide - semi - 20 
conductor ( CMOS ) technology , bipolar - complemen 
tary metal - oxide - semiconductor ( BiCMOS ) , and sili 
con - on - insulator ( SOI ) ; and 

the cascode stage comprises Gallium Arsenide ( GaAs ) 
cascodes and / or Gallium Nitride ( GaN ) cascodes . ] 25 

[ 4 . The DAC of claim 1 , wherein : 
the cascode stage comprises a M cascodes each connected 

to a corresponding parallel DAC cores directly through 
a network of traces . ] 

[ 5 . The DAC of claim 1 , wherein : 30 
the M number of parallel DAC cores comprises M dif 

ferential output pairs or 2M differential outputs ; 
the Mcascodes comprises M differential input pairs or 2M 

differential inputs ; and 
the M differential output pairs or 2M differential outputs 35 
of parallel DAC cores are connected directly to the M 
differential input pairs or 2M differential outputs of the 
cascodes respectively through the network of traces . ) 

6 . [ The DAC of claim 2 , wherein : ] A digital - to - analog 
converter ( DAC ) , comprising : 

8 or more parallel DAC cores , wherein : 
each DAC core converts a digital input signal to an 

analog output signal ; 
the 8 or more parallel DAC cores are grouped into pairs 
of [ 2 ] parallel DACs as at least 4 dual - DACs in the 45 
hardware layout of the DAC ; and 

the same input digital word is provided as the digital 
input signal to the plurality of parallel DAC cores ; 
and 

a cascode stage directly connected to the outputs of the 8 50 
or more parallel DAC cores for combining the outputs 
of the 8 or more parallel DAC cores to provide an 
aggregate analog output . 

7 . The DAC of claim 6 , wherein : 
each of the 8 or more parallel DAC comprises ( 1 ) an array 55 

of current sources , and ( 2 ) a bank of switches and 
switch drivers ; and 

( 1 ) the array of current sources and ( 2 ) the bank of 
switches and the switch drivers are arranged in the 
outer area of the 4 dual - DACs in the hardware layout 60 
of the DAC . 

8 . The DAC of claim 6 , wherein : 
each dual - DAC comprises a DAC decoder and a high 

speed multiplexer ; and 
the DAC decoder and the high speed multiplexer are 65 

shared between the two parallel DAC of each dual 
DAC . 

40 

the cells for receiving and processing the most significant 
bits of the digital input word are distributed in the 
middle part . 

12 . The DAC of claim 6 , wherein : 
the hardware layout of each dual - DAC has an array of N 

cells for receiving and processing N bits of a digital 
input word ; 

for every other dual - DAC , the array of N cells receives 
and processes the N bits arranged in a first order of the 
N bits ; 

for the other dual - DACs , the array of N cells receives and 
processes the N bits arranged in a second order of the 
N bits ; and 

wherein the second order complements the first order . 
13 . The DAC of claim 12 , wherein : 
the first order of the N hits are defined by at least some of 

the bits in even positions arranged in an ascending 
order according to the bit position for a contiguous 
portion of the array of N cells and at least some of the 
bits in odd positions arranged in a descending order 
according to the bit position for the contiguous portion 
of the array of N cells . 

14 . The DAC of claim 12 , wherein : 
the first order of the N bits are defined by at least some of 

the bits in even positions in ascending order are 
arranged as every other bit in the first order for at least 
a contiguous portion of the array of N cells , along with 
at least some of the bits in odd positions in descending 
order as the other bits in the first order for the contigu 
ous portion of the array of N cells . 

[ 15 . The DAC of claim 1 , wherein : 
the DAC generates an analog output signal having a 

current between 256 milliamps to 512 milliamps . ] 
[ 16 . The DAC of claim 1 , wherein : 
the DAC generates an analog output signal having a 

current between 512 milliamps to 3 amps . ] 
[ 17 . A digital - to - analog converter ( DAC ) system for con 

verting a digital input signal to an analog output signal , the 
DAC system comprising : 

a DAC stage comprising M parallel DAC cores , wherein 
M is equal to or greater than 4 ; 

a cascode stage comprising M parallel cascodes con 
nected to the output of the M parallel DAC cores , the 
cascode stage configured to amplify and combine the 
outputs of the M parallel DAC cores , wherein the 
outputs of the DAC cores in the DAC stage and inputs 
of the cascodes in cascode stage are directly connected 
through a network of traces ; and 
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a digital pre - distortion processor for ( 1 ) providing an 26 . A digital to analog converter ( DAC ) , the DAC com 
inverse of the non - linearity as input to the DAC stage prising : 
and / or the cascode stage to compensate non - ideal errors parallel DAC cores , wherein : 
of the DAC stage and / or the cascode stage and / or ( 2 ) each DAC core converts a digital input signal to an 
restore the ideal waveforms to compensate the non - 5 analog output signal ; 
ideal errors present in the DAC stage and / or the cas the same input digital word is provided as the digital 
code stage . ] input signal to the plurality of parallel DAC cores ; 

[ 18 . The DAC system of claim 17 , wherein the M is each DAC core comprises a plurality of bit cells for 
greater than or equal to 8 . ] converting most significant bits and least significant 

[ 19 . The DAC system of claim 17 , wherein the digital 10 bits of the same input digital word to the analog 
pre - distortion processor is an open - loop digital pre - distor output signal ; 
tion processor . ] the most significant bits and least significant bits are 

[ 20 . An apparatus for providing a finite impulse response routed to bit cells of a first parallel DAC core in a 
filter ( FIR ) , the apparatus comprising : first order in hardware layout ; and 

M parallel DAC cores , wherein M is an integer greater or the most significant bits and least significant bits are 
equal to 4 and each DAC core converts a digital input routed to bit cells of a second parallel DAC core 
signal to an analog output signal ; adjacent to the first parallel DAC core in a reversed 

a cascode stage directly connected to the outputs of the M or complementary order with respect to the first 
parallel DAC cores for combining the outputs of the M 20 order ; 
parallel DAC cores to provide an aggregate analog parallel cascodes directly connected to corresponding 
output ; outputs of parallel DAC cores ; and 

a digital signal processor configured to distribute different a power combining network for joining outputs of the 
input codes to the M parallel DAC cores to provide a parallel cascodes to generate an aggregate analog 
finite impulse response ( FIR ) filter using the M parallel 25 output . 
DACs ; 27 . The DAC of claim 26 , wherein : 

a cascode stage comprising a network of M cascodes the parallel DAC cores are built using any one or more of 
connected to the M parallel DAC cores , the cascode the following : complementary metal - oxide - semicon 
stage configured to perform a summation for the FIR ductor ( CMOS ) technology , bipolar - complementary 
filter ; 30 metal - oxide - semiconductor ( BiCMOS ) , and silicon - on 

wherein : insulator ( SOI ) . 
28 . The DAC of claim 26 , wherein : each of the M parallel DACs uses different input codes the parallel cascodes comprise Gallium Arsenide ( GaAs ) to implement delay for the FIR filter ; cascodes and / or Gallium Nitride ( Gal ) cascodes . 

each of the M parallel DACs comprises an array of 35 29 . The DAC of claim 26 , wherein : 
current sources for performing linear multiplication the parallel DAC cores comprise 8 or more parallel DAC 
for the FIR filter ; and cores . 

the output current of each of the M parallel DACs are 30 . The DAC of claim 29 , wherein : 
programmable to correspond to multiplier coeffi the parallel cascodes comprise 8 or more cascodes con 
cients for the FIR filter . ] nected to corresponding parallel DAC cores directly 

21 . The DAC of claim 6 , wherein : through separate traces for each parallel DAC core . 
the 8 or more parallel DAC cores are built using any one 31 . A digital to analog converter ( DAC ) , the DAC com 

or more of the following : complementary metal - oxide - Pris 
semiconductor ( CMOS ) technology , bipolar - comple parallel DAC cores , wherein : 
mentary metal - oxide - semiconductor ( BiCMOS ) , and 43 each DAC core converts a digital input signal to an 
silicon - on - insulator ( SOI ) . analog output signal ; 

the same input digital word is provided as the digital 22 . The DAC of claim 6 , wherein : input signal to the plurality of parallel DAC cores ; 
the cascode stage comprises Gallium Arsenide ( GaAs ) each DAC core comprises a plurality of bit cells for 

cascodes and / or Gallium Nitride ( Gal ) cascodes . 50 converting most significant bits and least significant 
23 . The DAC of claim 6 , further comprising : bits of the same input digital word to the analog 
an open - loop digital pre - distortion processor for ( 1 ) output signal ; and 

providing an inverse of the non - linearity as input to the the least significant bits are routed to bit cells near an 
DAC stage and / or the cascode stage to compensate edge of the hardware layout of the DAC , and / or the 
non - ideal errors of the DAC stage and / or the cascode 55 most significant bits are routed to bit cells in a 
stage and / or ( 2 ) restore the ideal waveforms to com middle part of the hardware layout of the DAC ; 
pensate the non - ideal errors present in the DAC stage parallel cascodes directly connected to corresponding 
and / or the cascode stage . outputs of parallel DAC cores ; and 

24 . The DAC of claim 6 , wherein : a power combining network for joining outputs of the 
parallel cascodes to generate an aggregate analog the cascode stage comprises 8 or more cascodes con output . nected to corresponding parallel DAC cores directly 32 . The DAC of claim 31 , wherein : through separate traces for each parallel DAC core . the parallel DAC cores are built using any one or more of 

25 . The DAC of claim 24 , wherein : the following : complementary metal - oxide - semicon 
the cascode stage comprises a power combining network 65 ductor ( CMOS ) technology , bipolar - complementary 

for joining outputs of the 8 or more parallel cascodes metal - oxide - semiconductor ( BiCMOS ) , and silicon - on 
to generate the aggregate analog output . insulator ( SOI ) . 
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33 . The DAC of claim 31 , wherein : 
the parallel cascodes comprise Gallium Arsenide ( GaAs ) 

cascodes and / or Gallium Nitride ( GaN ) cascodes . 
34 . The DAC of claim 31 , wherein : 
the parallel DAC cores comprise 8 or more parallel DAC 5 

cores . 
35 . The DAC of claim 34 , wherein : 
the parallel cascodes comprise 8 or more cascodes con 

nected to corresponding parallel DAC cores directly 
through separate traces for each parallel DAC core . 10 


