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Abstract— This paper presents a 7GSps 6b current-steering 

DAC in 28nm CMOS for VLSI SoC embedding which 

includes on-chip memory and clock generation circuits for 

wafer-sort testing. Several linearization techniques are 

implemented to extend linearity to very high frequencies with 

levels of SFDR>50dB for signals up to 1GHz, while keeping 

the DAC footprint small - 0.035mm
2
. Testing at full speed is 

facilitated by means of integrating a digital front-end BIST 

scheme in 0.048mm
2
. It uses a 5kbit 8X TI data memory, 

based on circular shift registers to avoid signal-dependent 

disturbances. An integrated 7 GHz CML ring oscillator type 

clock generator, as well as a serial data interface, simplify 

and reduce the cost of testing the DAC at high-speed. 

INTRODUCTION 

Efficient multi-bit DAC interfaces with signal bandwidths 
(BW) of several GHz are needed for VLSI SoC embedding to 
serve both wired and wireless applications like backplane p2p, 
WirelessHD, and UWB.  In the case of stand-alone solutions, 
such high speeds traditionally require simple DAC 
architectures with limited linearity at high frequencies but 
large signal BW. Higher linearity can be obtained, albeit 
inefficiently, by higher digital input data resolution, e.g. an 
SFDR of 48dB for 9b input data resolution reported in [1]. 
However, in the case of integration in multiple VLSI SoC I/O 
blocks, the capacity of the internal communication channel 
between a single I/O and the VLSI core is limited. Therefore, 
achieving the required linearity by means of increasing input 
data resolution is too inefficient and hence expensive. Thus, 
maximum DAC linearity is required from a given digital input 

data resolution, whereas further performance boost can be 
achieved through configuring multiple I/O blocks to operate 
together, e.g. time-interleaving (TI), sub-ranging, beam-
forming, power combining [2]. In addition, large costs are 
associated with testing of high-speed analog blocks, 
particularly in the case of a heterogeneous SoC approach [3]. 
Therefore, the ability to test at wafer level and before 
assembly is important. Simple integrated Built-In-Self-Test 
(BIST) schemes can greatly reduce the price of test and hence 
the overall product costs. 

This paper demonstrates how improved linearity at high 

frequencies can be achieved by taking advantage of the 

benefits of advanced CMOS IC processes with suitable high-

performance design techniques. Furthermore, a co-integrated 

BIST scheme is demonstrated which does not compromise 

analog performance.  

7GSPS 6B DAC ARCHITECTURE OVERVIEW 

Traditionally, stand-alone high-speed GHz DACs use 

simple architectures since the parasitic capacitances render 

useless the linearity improvements of techniques such as 

segmentation, bleeding currents and cascoding. Therefore, 

these DACs use binary architectures, e.g. [1-4]. Their core 

switched-current (SI) cells are simple and usually consist of 

only a signal current source and two switches, letting large 

drain-source voltage ranges minimize the transistor sizes. 

However, embedded DACs can benefit from advanced CMOS 

processes, since small transistor sizes make the traditional 

linearity techniques valid at high frequencies (i.e. GHz range).  

 
 

Fig. 1 Block diagram of the implemented test chip with 7GSps 6b DAC, 5kbit on-chip memory, and CML ring oscillator for clock generation. 



Block-diagrams and schematics of the proposed DAC 

architecture and BIST circuits are shown in Fig.1. Their layout 

and a chip micrograph zoom-in are shown in Fig.2. The DAC 

uses 3LSB-3MSB segmentation to maintain good, flat, 

dynamic linearity at high signal frequencies. The SI cell uses 

the cascode transistor M2 to buffer current source transistor 

M1 (designed large for matching) from the common source 

node, Vcs, of the switches M3. Thus, the parasitic capacitance 

at Vcs is minimized and M1 is protected from the switching 

disturbance. M2 is also locally biased to avoid interference 

between the SI cells. The 3 LSB binary SI cells are 

appropriately scaled with respect to the 7 unary SI cells. Their 

transient responses are also matched by scaling the data 

drivers between the synchronization 10 CML latches and the 

10 SI cells (7 unary and 3 binary). CML implementation is 

used to avoid signal dependent switching disturbances that 

can induce non-linear distortion errors at the output. Finally, 

the bleeding currents reduce the non-linear capacitance 

effects of the thick-oxide cascodes M4 and protect the thin-

oxide transistors from the higher output external voltages. 

The area of the DAC core (Fig.2) is about 35000µm
2
, mainly 

dominated by the array of current sources (M1, M1b1 and 

M1b2), as these are designed for matching exceeding 6 bits. 

DIGITAL FRONT-END BIST FOR WAFER-SORT TESTING 

To guarantee yield and reduce the cost of test, a digital 
front-end BIST scheme is proposed for wafer-sort testing. The 
BIST scheme uses a 5kbit CMOS memory and a 4-tap 7GHz 
differential CML ring oscillator for clock generation. The 
digital interface is reduced to just a simple serial interface, 
with no speed requirements, through which the test data is 

uploaded into memory. The data is read-out in an infinite loop 
by means of an 8X TI scheme that guarantees the ultimate 
7GSps rate and reduces the switching disturbances. The area 
of the BIST circuits (Fig.2) is about 47700µm

2
, mainly 

dominated by the 5kbit memory, providing 832x6b words, 
which are read-out during test in an infinite loop. 

The main requirement for the digital front-end BIST 
scheme is to provide the test data at high speed without 
deteriorating the DAC performance even though both BIST 
and DAC can be physically located close to each other and 
share a common power supply. This is why the BIST scheme 
needs to be quiet and, more importantly, its generated 
disturbance should be signal-independent. Hence, the primary 
logic type chosen for the BIST block is CML. However, large 
CML memories are impractical and so the test-data memory 
still needs to be of a CMOS variety. To solve the problem of 
data-dependent switching noise of the CMOS circuits, the 
memory is implemented as an array of circular shift registers. 
Unlike the RAM-based memory, the shift registers switch 
every record during a read request. This is why the switching 
activity and hence the associated switching noise is the same 
for any read cycle. Hence, the generated disturbance is made 
data-independent but at the price of increased switching 
activity. To reduce this, while guaranteeing a 7GSps read-out 
rate, an 8X TI scheme is applied. Fig 3 shows the 5kbit co-
integrated memory in the form of 8X TI 6-bit words 104-tap 
circular shift registers. At start-up, these are reconfigured into 
a single 4992-bits continuous shift register, connected via a 
serial interface to the digital testers to upload the test-data.  

A CML ring oscillator is used to internally generate the 
7GHz clocks for both the DAC and BIST. Its core circuit is 
shown in Fig.4. The oscillating frequency is effectively 
controlled via the biasing of the tail currents and the PMOS 
loads. A common BIST scheme can be shared among multiple 
DAC cores located at different distances from the BIST. 
Hence, the relative clock skews between any DAC and the 
BIST can be quite different. To relax this effect, the derived 
clock signals can be optionally delayed with respect to each 
other by a half clock period. Such an optional clock phase 
rotation can account for both process skews and the needed 
different delay propagations. 

MEASUREMENT RESULTS 

The chip is measured for 5mA full-scale current, terminated 

on 25Ω equivalent differential load resistance (50Ω on-PCB 

in parallel with the 50Ω of the spectrum analyzer). Two 

 

Fig. 2. Left: chip micrograph; Right: infra-red photo DAC zoom-in. 

 

Fig. 4. Tunable 4-tap ring oscillator with 180o phase adjustment. 

 

Fig. 3. 5kbit data memory – 8X TI 6-bit 104-tap circular shift registers. 



power supplies are used: Vdd(ext)=2.5V for M4 and the 

output signal and  Vdd(core)=1.4V  for  the  DAC  core.  The 

BIST scheme consumes 220mW of power (40mW for the 

clock generation; 35mW for the 5kbit memory; the rest is for 

the TI scheme, data reconstructions and clocking). The power 

consumption of the DAC core is 140mW (excluding the 

output signal current). Fig 5 shows the measured SFDR and 

IM3 at sampling rates of Fs =7GSps versus respectively the 

signal frequency (fsig ) and the center frequency (fcenter ) of 

a two-tone input signal. The flat linearity, i.e. SFDR>50dB 

and IM3<-49dB, up to about 1GHz, validates  the  main  

hypothesis  of  this  work  that  traditional low-speed DAC 

linearity techniques can be made effective at high  

frequencies through CMOS technology scaling, careful 

design  and  layout.  Fig 6 shows the output frequency 

spectrum for fsig =1GHz and Fs =7GSps.  The low frequency 

spurs determine the SFDR and originate from the BIST, 

which operates in an infinitely repeating loop. The 

performance of the DAC core is expected to be higher when 

fed with real-time data in a real VLSI SoC co-integration   

context.  Fig 7 compares the presented work with selected 

state-of-the-art CMOS high-speed DACs. This work is the 

smallest design and delivers linearity performance in the 

1GHz signal bandwidth exceeding all selected DACs, even 

those using more bits of resolution.    

CONCLUSIONS 

It is demonstrated in this work that the reduction of CMOS 
feature sizes through scaling can benefit the use of high-
linearity DAC techniques at ever higher signal frequencies. 
The work further validates the use of on-chip low-disturbance 
BIST circuits to facilitate the dynamic performance 
measurement of multi-GHz DACs up to Nyquist frequencies. 
Such a BIST system can be used with multiple DACs on a 
SoC so that the area/cost overhead can be small.  

CML circuits are used throughout for their quietness, true 
signal differentiality and flexibility to deliver appropriate 
signal levels to the SI cells, leading to high linearity up to very 
high signal frequencies. Various linearity improvement 
techniques are combined in the SI cell architecture: output 
thick-oxide cascodes, bleeding currents, local biasing, and 
current-source cascodes. These techniques are applied to a 
28nm CMOS 7GSps 3MSB/3LSB segmented DAC 
architecture in order to maximize linearity for the limited 
digital input capacity of a single VLSI SoC I/O block. Up to 
1GHz signal BW, the SFDR drops by only about 5dB, to 
50dB level. To facilitate measurements and reduce test costs, a 
BIST digital front-end is proposed that features 5kbit test 
memory and 7GHz 4-tap CML ring oscillator. A circular shift 
register implementation of the test-memory is introduced to 
decouple the signal from the generated switching noise. 
Finally, this work reports the smallest DAC design and 
linearity performance in the 1GHz signal BW that exceeds 
other CMOS DACs, even those with more resolution bits. 
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Fig. 7. Summary and comparison with other high-speed DACs. 

 

Fig. 5. Measured SFDR (black) and |IM3| (gray) performance at 

Fs=7GSps as a function of the signal(s) frequency, fsig and fcenter. 

 
Fig. 6. Output spectrum showing the 3.5GHz signal BW (Fs=7GSps) 

with single tone fsig=1GHz and SFDR=50dB. 




