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Abstract—High-speed memory interfaces require the design
of optimised low-power and robust analog circuits. This poses
significant challenges in sizing due to the inability of using
complex modern transistor models, such as the Berkeley Short-
channel IGFET Model (BSIM), to calculate the sizing of the
circuits based on hand-analysis. This forces designers to perform
iterative simulations, which is time-intensive and error-prone.
To address these issues, this work presents an automated sizing
approach using pre-computed lookup tables (LUTs) for a 4.3 Gb/s
LPDDR4X transceiver in 12nm FinFET technology. The receiver
is designed based on gm/ID sizing methodology where look-up
tables are used to compute a set of matrices representing the
possible design points based on the circuit topology. The design
space is constrained by the biasing level, gain, and bandwidth
to find an optimised design point in terms of operation region,
speed and power. The driver circuit design is automated based on a
new algorithm which computes the estimated ON-resistance from
the look up table and finds an optimum sizing which fulfills the
required impedance range. The calculated sizing of the proposed
design approach was used as an input for spectre simulator
to compare the simulation results with the input specifications,
showing an error margin of less than 1%. Furthermore, the
receiver power consumption was evaluated to be 70% less than
the work in literature. The proposed driver topology, which uses
low voltage swing terminated logic (LVSTL) and near-ground
signaling (NGS), provides a 38− 120 Ω impedance range at all
process, voltage and temperature variations (PVT) for the post-
layout results and consumes relatively low power when compared
to literature.

Index Terms—Transceiver, LUTs, FinFET, NGS, gm/ID .

I. INTRODUCTION

Many system-on-chips (SoC) require a high-speed interface
to connect to the off-chip DRAM. This interface demands
specialized circuitry known as the physical layer (PHY). A
transceiver is a crucial sub-system of a PHY, which consists
of a receiver (RX) and a transmitter output driver (TX). An
output driver is controlled to transmit signals with a specific
driving strength or to match the characteristic impedance of the
transmission line which is typically in the range of 50 - 70 Ω.
This helps in reducing simultaneous switching noise (SSN) and
achieving better signal integrity [1]. Designing these high-speed
analog circuits in recent FinFET process poses a challenge as
square-law-based classical scaling techniques became imprecise
for advanced technology nodes [2]. This leads to an iterative
tuning process that is both time-consuming and falls short of
achieving a design point based on a comprehensive analytical
view of the entire design space [3].

To address this issue, several methodologies were employed
to target device-sizing. The gm/ID methodology uses pre-
computed lookup tables where trans-conductance efficiency
(gm/ID), which covers almost the same range in all current
CMOS processes, is employed as a surrogate for the inversion

level of the transistor and as a key design parameter [4]. When
paired with other figures of merit, gm/ID enables examining
the trade-offs between different parameters like frequency,
power, and gain in a normalized space. Optimisation algorithms
as the non-dominated sorting genetic algorithm II (NSGA-
II) were combined with the gm/ID methodology to find an
optimised design point [5]. However, this method might be
time consuming as it only relies on the biasing levels to
limit the design space, and it requires SPICE simulation in
the loop. Other state-of-the-art work used gm/ID sizing to
optimise operational transconductance amplifiers (OTA) [6]–
[9], but these analog blocks were targeting low-speed circuits
within the range of 10-300 MHz. Additionally, to the best of
our knowledge, there is no existing literature addressing the
automated sizing of an output driver circuit using lookup tables
(LUTs) to achieve a low-power design for a DDR interface.

There are various options for the driver topology, including
merging or splitting of the control and data path segments.
The study presented in [10] introduced a low voltage swing
terminated logic (LVSTL) with near ground signaling (NGS)
output driver, utilizing six-weighted segmented NMOS tran-
sistors for the pull-down path and eight for the pull-up path,
with each path connected in series to a 20 Ω poly-silicon
resistor. The segmented NMOS devices represent a merged
data and control path. Alternattively, the work in [11] presented
an output driver circuit with an ac termination scheme using
63-weighted segmented NMOS for the control path and one
transistor for the data path. Both works showed robustness
against process variations as NMOS devices were used for the
pull-up and pull-down paths, but they did not address voltage
and temperature variation effects.

In contrast, our work introduces a comprehensive approach
that leverages an algorithmic method based on lookup tables
(LUTs) and the gm/ID methodology. By constructing a set
of matrices that represent the possible design points for the
4.3 Gb/s LPDDR4X low-power receiver, our method systemat-
ically explores these matrices to achieve an optimal balance
between region of operation, speed and power. Adjusting
specifications for the same topology is now achievable within
seconds using the same approach. LUTs are also employed
to size the driver by determining the optimal ON-resistance.
This enables a precise and efficient sizing process, ensuring
that the driver meets the required impedance range while
maintaining high performance and low power consumption.
This approach is applied to the commercial 12nm FinFET
process from GlobalFoundries (GF12LPP), reducing design
time by eliminating the need for iterative SPICE simulations.
The proposed driver topology decouples the data and control
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paths while maintaining consistent control bits across pull-up
and pull-down paths, the impedance control process is made
more power efficient, resulting in an 18% improvement in
power consumption compared to the work in [10]. Furthermore,
by incorporating a parallel resistor into the control path, our
design achieves the required impedance range while accounting
for process-voltage-temperature (PVT) variations.

This paper is organized as follows. Section II describes
the sizing flow, transceiver architecture, and design techniques
for each block. Section III outlines the test-bench setup and
simulation results, comparing our work with prior literature.
Finally, Section IV concludes with key findings and future
directions.

II. TRANSCEIVER DESIGN USING gm/ID AND
PRE-COMPUTED LUTS APPROACH

The flow begins with a one-time generation of four-
dimensional (4D) LUTs for each device (NFET, and PFET).
This is achieved by sweeping four parameters for a fixed
width transistor: gate-length (L), drain to source voltage (VDS),
gate to source voltage (VGS), and source to bulk voltage
(VSB). The sweeps are performed across the possible range
of L values and voltages from zero to the supply voltage
(VDD) using Spectre circuit simulator. Key parameters such
as transconductance (gm), current density, and capacitance are
extracted and stored. Sizing is calculated assuming that all the
captured parameters are proportional to the transistor width
when all other degrees of freedom are constant. These LUTs
enable rapid evaluation of device performance and selection
of optimal operating regions without repeated simulations.
Moreover, the same sweep simulation setup can be adapted for
other technologies by adjusting the parameter ranges, providing
flexibility and reusability for porting designs. Fig. 1 shows the
used sizing flow after the generation of LUTs for the receiver
design. First, DC-analysis for the chosen topology is made
and the main formulas for gain, bandwidth, and fan-out are
deduced. Then, different key parameters are chosen and swept
using the LUTs to explore the design space of a given topology.
A key parameter is estimated, for instance, gm/ID can be swept
across a reasonable range based on the plots against the other
parameters and requirements. A set of matrices representing
the possible design points with their corresponding gain, band-
width, current or any parameter of interest is calculated. Then,
based on the prioritized requirements, a design point that meets
the requirements as the minimum gain, a specific current, or
a required bandwidth is found. Finally, the current density is
looked-up; from there, self-loading and final sizing based on
the number of fins is calculated.

On the other side, the sizing of the driver is based on a
procedure which uses the LUTs to get the current density (JDS)
and compute the ON-resistance (Ron) of each transistor based
on the number of fins. The procedure is called in a loop while
varying the number of fins to find the optimum sizing which
makes Ron approximately equal to the required resistance.

A. Receiver
Fig. 2 includes the block diagram of the transceiver. The

first stage of the receiver is a fully-differential pre-amplifier
with resistive load (RCV-1). The second stage is a differential
amplifier with current mirror load (RCV-2) followed by a

Fig. 1. Sizing flow based on gm/ID methodology and pre-computed LUTs.
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Fig. 2. Transciever architecture

NAND-gate buffer which is used to further amplify the output
signal of RCV-1 and provide a smooth rail to rail transition.
When RCV-1 and RCV-2 are both disabled, and their output
is floating, the NAND-gate buffer is utilized to park the output
at a specific logic level. All the receiver blocks are powered
by 0.8 V. The reference currents (Iref1,2 ) are generated using
a band-gap reference circuit to provide a stable current of 50
μA. The minimum gate length (L) of 14nm was selected for
this design to ensure a high bandwidth. Therefore, gate length
was not treated as a variable in the design process.

Fig. 3(a) shows the pre-amplifier circuit which consists of
a PFET differential pair (M1, M2) for operation at a low
swing of 0-0.3 V, a resistive load (2.3kΩ) and a constant bias
current generated by the mirror (M3, M4). The expression of
the voltage gain (Av0) can be computed as shown in 1 [12],
where gm1,2

ID
and VA1,2 are the transconductance efficiency and

early voltage of M1 and M2, while VOC is the output common
mode voltage.

Av0 =

gm1,2

ID
1

VA1,2
+ 1

VOC

(1)

VA1,2 can be computed as follows, where gds1,2 is the drain
conductance of M1 and M2.

VA1,2 =
gm1,2

gds1,2
/
gm1,2

ID
(2)

Algorithm 1 shows the steps for sizing RCV-1 in order
to achieve a 2.5 or more gain while ensuring operation in
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Fig. 3. RCV circuit topologies

the saturation region. First, a reasonable load resistance (RL)
is chosen based on power consumption, where ID can be
calculated as Voc/RL. In steps 3-4, VDS1,2 is swept and from
DC analysis we find VGS1,2 and VDS1,2 pairs such that the
following equation is fulfilled where VIC is the input common
mode voltage.

VDS1,2 = VOC − VIC + VGS1,2 (3)

In steps 5-7, by sweeping VDS1,2 for the input transistors,
a matrix is created by looking-up VGS1,2 and gm1,2/gds1,2 at
different gm1,2/ID values across the range [10:20] S/A. This
helps in exploring the design space for RCV-1 by computing
VA1,2 and Av0 from 1 and 2. Fig. 4 shows the corresponding
VDS1,2 and Av0 for each gm1,2/ID. Hence, a design point
where VDS1,2 is slightly higher than 0.3 and a gain more than
2.5 is searched in step 8 to make sure that the input transistors
will be in saturation. Then by using the index of the found
VDS1, the exact values for gm1/ID and Av0 can be found.
The required bandwidth is not used to constrain the design
space because it is achievable by all design points considered
by algorithm 1.

Algorithm 1: RCV-1 Transistor Sizing
input :

gm idmx1 (range for M1)
Areq (minimum required gain)
VOC (required output common mode voltage)
L (transistor gate length)
VSB (Source-Bulk voltage)
VDD (supply voltage)
LUT4D (look-up table as a matrix)

output: nfin (no. of fins for M1)

1 Initialize Areq , L, VSB , VDD, RL

2 Load LUT4D

3 VDS1nx1 ← 0.2 . . . 0.35
4 Lookup VGS(LUT4D, gm3/ID, VDS1nx1 , VSB , L)
5 gm1 gds1mxn ← Lookup gm gds(LUT4D,

gm idmx1, VDS1nx1 , VSB , L)
6 Compute VA1mxn and Amxn from eqs. 1 and 2
7 Plot VDS1 and Av0 versus gm1/ID
8 {i,j} ← index(VDS1) � VDS1 > 0.3 V , A ≥ Areq

9 Use {i,j}, to get gm1/ID and VGS1

10 JD1 ← Lookup JD(LUT4D, VDS1, VGS1, VSB , L)
11 ID1 ← VOC/RL

12 nfin ← ID1
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Fig. 4. gm1/ID versus VDS1 and Av0 for RCV-1.

Fig. 3(b) shows the topology of RCV-2 circuit. The small-
signal model of this topology is altered by the inclusion of
M3, and it introduces gds3 as an extra conductance. The gain
expression can be reformulated as follows in terms of a ratio
to ID:

Av0 =
gm1,2

gds1,2 + gds3,4
=

gm1,2

ID
gds1,2
ID

+
gds3,4
ID

(4)

The detailed sizing steps for RCV-2 are shown in Algo-
rithm 2. Achieving a design point with the required gain,
minimal power consumption, and a frequency exceeding 2.133
GHz (4.3 Gb/s) simultaneously requires finding a tuning point
within the moderate inversion region that provides a balance
between low power consumption and high performance. The
common-source stage shows a 50% gain loss when the n-
and p-FETs’ early voltages (VA) are identical. By boosting
the early voltage of M3, or, equivalently, decreasing gds3/ID,
this loss is slightly mitigated. Fig. 5 shows the change of
gds3/ID versus gm3/ID. From this figure, it can be seen
that by increasing VDS3, the minimum achievable gds/ID
shifts towards lower efficiency values (lower gm/ID, in other
words, towards strong inversion region). This results in a higher
current (power) and a high saturation voltage. Since this loss
headroom is often unacceptable, one may choose to settle on
the compromise gm/ID = 9 − 15 S/A, which results in a
lower saturation voltage and improved signal-swing [4]. From
Fig. 5, gds3/ID is minimum when gm3/ID is approximately
12-14 S/A. Consequently, 14 S/A is chosen to have a lower
saturation voltage and a larger signal swing. In steps 6-11,
the gate-source volatage range of M1 (VGS1mxn ) is initially
estimated by sweeping its drain-source voltage (VDS1nx1

), then
both ranges are used to get the drain-source voltage range of
M3 (VDS3mxn ) by substituting in

VDS3,4 = VDD − VDS1,2 − VIC + VGS1,2 (5)

where VIC is the input common source voltage of RCV-2 which
is equal to VOC of RCV-1. VGS3mxn

range now is looked-
up using VDS3mxn , and since the circuit topology forces that
VDS3 is equal to VGS3, The final range of VDS3mxn

is looked-
up using the same function. This will end up giving us the
possible range where VDS3 is equal to VGS3. We calculate the
final range of VDS1nx1

by substituting in 5. steps 12-18 include
the calculation of matrices representing the amplifier’s gain
(Amxn), unity gain frequency (Fumxn ), drain current (IDmxn)
and the transconductance of M1 (gm1mxn ). Finally the design
space is searched for the minimum current which fulfills a
bandwidth of 2.133 GHz and a gain of 5 or more.
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Algorithm 2: RCV-2 Transistor Sizing
input :

gm idmx1 (range for M1 and M3)
Areq (minimum required gain)
BWreq (minimum required bandwidth)
VIC (Input-Common-Mode voltage)
CL (load capacitance)
L (transistor gate length)
VSB (Source-Bulk voltage)
VDD (supply voltage)
LUT4D (look-up table as a matrix)

output:
nfin1, nfin3 (no. of fins for M1 and M3)

1 Initialize Areq , BWreq , VIC , CL, L, VSB , and VDDQ

2 Load LUT4D

3 gm idmx1 ← 10 . . . 20
4 Plot gds3/ID versus gm3/ID while sweeping VDS3

5 gm3/ID ← A chosen value based on step 4
6 VDSnx1 ← 0.25 . . . 0.35
7 VGS1mxn ← Lookup VGS(LUT4D, gm idmx1,

VDSnx1 , VSB , L)
8 VDS3mxn ← VDD - VDSnx1 - VIC + VGS1mxn

9 VGS3mxn ← Lookup VGS(LUT4D, gm3/ID,
VDS3mxn , VSB , L)

10 VDS3mxn ← Lookup VGS(LUT4D, gm3/ID,
VGS3mxn , VSB , L)

11 VDS1mxn ← VDD - VDS3mxn - VIC + VGS1mxn

12 gds1 idmxn ← Lookup gds id(LUT4D, gm idmx1,
VDS1mxn , VSB , L)

13 gds3 idmxn ← Lookup gds id(LUT4D, gm3/ID,
VDS3mxn , VSB , L)

14 Amxn ← gm idmxn./(gds1 idmxn + gds3 idmxn)
15 Fumxn ← BWreqxAmxn (unity gain frequency)
16 gm1mxn ← 2πCLxFumxn

17 IDmxn ← gm1mxn ./gm idmxn

18 {i,j} ← index(IDmin ) � A ≥ Areq , BW ≥ BWreq

19 Using {i,j} get final VDS1, VDS3, VGS1, and VGS3

20 JD1 ← Lookup JD(LUT4D, VDS1, VGS1, VSB , L)
21 JD3 ← Lookup JD(LUT4D, VDS3, VGS3, VSB , L)
22 Consider self loading
23 nfin ← ID

JD
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Fig. 5. gds3/ID versus gm3/ID , and sweeping VDS3 within the range [0.16
V - 0.37 V ] for RCV-2.

B. Driver Circuit

The driver topology is shown in Fig. 2 where the output stage
of the off-chip-driver (OCD) is implemented as a segmented
PFET-over-NFET circuit to cover the impedance ranging from
40 Ω to 120 Ω in both the pull-up and pull-down paths
respectively. In this scheme, LVSTL with NGS is used, where
the voltage swing is 0 − 0.3 V for low-power operation. The
separation of the data and control paths requires only one strong
pre-driver for the data path (DAT) and the other 64 binary-
weighted-control transistors (CTL) can be readily configured
by 6 control bits to the desired termination or driving strength
value without necessitating the inclusion of extensive high-
speed switching circuits that consume significant area. This
allows less power operation and a compact layout. A resistor is
added in parallel to the control transistors in order to achieve
better linearity, and better impedance matching for the pull-
up and pull-down paths. This can be shown in Fig. 6 where
the CODE on the y-axis represents the number turned-on CTL
transistors and Req represents the equivalent resistance of the
path. All the transistors are sized based on the required Ron,
where Ron is the ratio of VDS to IDS according to the estimated
resistance in [13]. This can be calculated using the LUTs
by looking-up JDS and then calculating IDS , and Ron. The
detailed sizing steps are generalized by algorithm 3.

Algorithm 3: Transistor Sizing Based on Ron

input :
Rreq (required ON-resistance of the transistor)
L (transistor gate length)
VSB (Source-Bulk voltage)
VDDQ (supply voltage)
LUT4D (look-up table as a matrix)

output:
nfinf (final sizing based on the no. of fins)

1 Function compute_Ron(LUT4D, nfin, VSB ,
VDDQ, L):

2 VGS ← VDDQ

3 VDS ← VDDQ/2
4 JDS ← Lookup JDS (LUT4D, VDS , VGS , VSB ,

L), where JDS = IDS

nfin

5 IDS ← JDS × nfin

6 Ron ← VDDQ

IDS

7 return Ron

8 Initialize Rreq , L, VSB , and VDDQ

9 Load LUT4D

10 nfinf ← 1
11 Ron ← compute Ron(LUT4D, nfinf , VSB , VDDQ,

L)
12 while Ron > Rreq do
13 nfinf ← (nfinf +1)
14 Ron ← compute Ron(LUT4D, nfinf , VSB ,

VDDQ, L)

III. RESULTS

Fig. 8 shows that the chosen topology and sizing method of
the driver provided the impedance range 38− 120 Ω for both
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paths at all corners. It also shows that the pre-layout impedance
curve has a lower linearity than the post-layout. This is due to
the parasitic impedance of the metal layers and vias used in
routing. Fig. 9 shows the layout of the main blocks of the
OCD with on-chip-termination (ODT), including pre-drivers
and level-shifters which shift-down the voltage from 0.8 V to
the driving voltage of 0.6 V. The layout occupies an area of
23.5 μm×22.5 μm. Performance in the Typical NFET - Typical
PFET (TT) process corner was evaluated for the whole block
at 60 Ω for termination and 60 Ω for driving strength. The
average power consumption was simulated at 8 Gb/s to make
it comparable with the literature and was found to be 2.46 mW .
Tab. I shows that the sizing method used provides a low-power
design comparable to that of relevant recent work for the same
application in a timely efficient flow.

Tab. II and III show that the pre-layout simulation results for
the found design points agree well with the computed values
from the sizing flow by doing only one simulation. This saves
the design time consumed in iterative SPICE simulations. Fig. 7
shows one data slice of the test-bench setup, where the driven
signal was modeled using the proposed OCD with ODT as
a detailed parasitic netlist. The distortion was modeled by a
6-port network (DRAM and SoC PKGs) representing the die
and the ball grid array (BGA), as well as the cross-talk and
coupling effect caused by two aggressor data signals (DQ1
and DQ3) on the transmitted victim DQ2 signal. Cadence
model for transmission line with a characteristic impedance
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Fig. 8. Pre-layout and Post-layout Simulation Results of the Impedance Change
According to the Number of 64-weighted Segmented turned-on Transistors.

TABLE I
DRIVER POWER COMPARISON (VDDQ = 0.6 V, AND Z0= 50 Ω)

Parameter This Work [10] [11]
Average Signaling Power (mW) 2.46 3 1.21

of 50 Ω was used to connect between the driver and the
receiver. Three data slices were simulated simultaneously while
including human body model (HBM) and charged device model
(CDM) protections. The victim DQ2 was captured in Fig. 10
showing the simulated eye diagram of the attenuated driven
signal at the input of the receiver and the amplified signal at the
output of RCV-2 before the NAND-gate. The receiver output
(VOUT RCV-2) shows that the signal could be recovered with
a full-swing from an attenuated signal of 180 mV peak-to-peak
voltage at a speed of 4.3 Gb/s. The performance was compared
with previous works in Tab. IV according to the following
figure-of-merit (FOM) for power consumption defined in [15].

FOM =
PowerConsumption(mW )

OperatingFrequency(GHz)× V DD2(V 2)
(6)

IV. CONCLUSION

In this work a transceiver was entirely designed using pre-
computed LUTs. The outcomes showed that the output driver,
which was sized based on the given flow, successfully covers
the range of impedance 38−120 Ω at all corners. Additionally,
it achieves an 18% power reduction compared to the driver
mentioned in literature. The sizing flow results of the receiver
and simulation outcomes indicated that the gm/ID methodol-
ogy provides an accurate pre-layout sizing for an optimised
low-power and high-speed design with an error of less than
1%. The power consumption is lowered by 70% compared to
the work in literature. This demonstrates the usefulness of this
method in high-speed DRAM interfaces and holds potential for
further development, extending its applicability across various
technologies and assessing its re-usability for porting IPs by
only changing the LUTs based on the target technology.
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TABLE II
RCV-1 COMPUTED RESULTS VERSUS SIMULATION RESULTS

Parameter Computed Simulation error (%)
value @(0-0.6V ) @(0-0.3V ) @(0-0.6V )

nfin1 18 18 18 -
ID (μA) 130.43 130.09 148.23 0.26
gm1/ID
(S/A)

11.56 11.62 9.34 0.52

gds1/ID
(S/A)

0.691 0.694 2.216 0.43

VDS1 (V ) 0.324 0.324 0.162 0
VGS1 (V ) 0.324 0.323 0.353 0.31
Bandwidth
(GHz)

3.76 3.75 2.49 0.27

Gain 2.873 2.874 2.636 0.03
Voc (V ) 0.3 0.299 0.34 0.33

TABLE III
RCV-2 COMPUTED RESULTS VERSUS SIMULATION RESULTS

Parameter Computed Simulation error (%)
value

nfin1 13 13 -
nfin3 10 10 -
ID(μA) 48.3 48.5 0.41

gm1/ID (S/A) 16.4 16.3 0.61
gm3/ID (S/A) 13.8 13.827 0.19
gds1/ID (S/A) 0.8605 0.8589 0.19
gds3/ID (S/A) 0.7818 0.7788 0.38

Bandwidth (GHz) 2.133 2.138 0.23
Gain 9.2 9.119 0.89
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Fig. 9. Layout view of the OCD with ODT Block.
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Fig. 10. Simulated Eye Diagram at the Input of the Receiver and at the Output
of RCV-2 (Drive = 60 Ω, Term. = 60 Ω).

TABLE IV
RECEIVER PERFORMANCE COMPARISON

Parameter This Work [16] [17]
Technology (nm) 12 FinFET 130 65

Supply Voltage (V) 0.8 1.2 1.0
Data Rate (Gb/s) 4.3 3.4 8.0

Power (mW) 0.5 3.0 6.42
FOMpower 0.3 1.23 1.6
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