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Abstract: High-speed serial transmitters are commonly used in various fields, including high energy
physics experiments, where the data volume has significantly increased due to detector upgrades. In
this paper, we present a CMOS-logic serializer core designed in a 55-nm bulk CMOS technology for
front-end detector data transmission. The prototype design features a 32-to-1 binary-tree multiplexer,
an LC-based phase-locked loop, and a standard current-mode logic driving stage with a 5-stage
pre-amplifier. The measured total jitter at 10.24 Gbps and 11.09 Gbps is approximately 24.5 ps and
30 ps, respectively, with total power consumption of 96.2 mW and 97.4 mW. The internal timing
margin accommodates a power supply variation from 1.15 V to 1.4 V. However, further improvements
are required in the driving capability and power consumption of the driver, which currently accounts
for nearly 45% of the total power consumption.
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1 Introduction

In high energy physics experiments, current ASIC design trends indicate a shift towards front-end
electronics, focusing on increasing integration density [1, 2]. Serial transmitters play a vital role in
digital detector data transmission, whether in pixelated readout electronics [3, 4] or universal data
links [5, 6]. For front-end detector readouts, the system usually has limited space and requires low
power consumption along with a high single-channel data rate.

This paper presents the first prototype design in a 55-nm bulk CMOS technology aiming to the
timing verification of the serializer core. The core is based on a CMOS-logic binary-tree structure,
which comprises an LC-tank phase locked loop (LC-PLL), and a fully-CMOS-logic multiplexer
(MUX32t1) including a current-mode logic (CML) driver. The PLL and multiplexer cores consume
a minimal amount of current, with the majority of the power being consumed by high-speed clock
transmission and serial data driving.

2 Circuit design of the serializer

Figure 1(a) shows the architecture of the serializer. The LC-PLL is based on a previously validated
circuit design [7], with minor modifications. To achieve a data rate exceeding 10 Gbps, the MUX32t1
utilizes a cascaded binary-tree structure comprising 5 stages [6]. In order to minimize power
consumption, CMOS logic is favored over current-mode logic, despite the latter’s faster operation.
Customized basic logic cells have been carefully optimized. The initial four stages of MUX32t1
are constructed using a standard 2:1 cell, while the final stage, functioning at 5.12 GHz, employs
a high-speed 2:1 cell. As shown in figure 1(c), the high-speed 2:1 cell incorporates progressively
enhanced inverters (INVs) to maintain the swift edges of the CMOS clocks. Nevertheless, employing
a long chain of INVs, in comparison to employing differential clock transmission, could introduce
duty cycle distortion (DCD) to the CMOS clocks. This distortion may also arise when transferring a
differential clock pair to two CMOS clocks. Since the MUX32t1 operates at half rates, utilizing both
clock edges for data processing, any distortions could potentially result in significant variations in
the size of the data eyes between adjacent bits. Consequently, duty cycle correction (DCC) circuits
have been inserted at two critical nodes [4].
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Figure 1. Schemes of the serializer.

The standard 2:1 cell also needs to account for DCD, although its demand is not as stringent
as that of the high-speed 2:1 cell. It employs a single-to-differential circuit that relies on varying
sizes and quantities of inverters in two paths [8], in order to align two complementary clocks. Each
D-flip-flop and latch in the 2:1 cell utilizes complementary clocks.

The divider, a crucial component of MUX32t1 as depicted in figure 1(b), controls the serialization
timing. The estimated upper frequency limit of a CMOS by-2 divider is less than 5 GHz at the worst
corner in simulation, unless using extremely oversized transistors. Consequently, the initial by-2
sub-divider is implemented using CML, while the subsequent dividers utilize CMOS cells. The DCC
circuit aligns two CMOS clocks with 50% duty cycle by transferring a differential pair. Timing for the
first three stages of MUX32t1 is relatively straightforward. However, with the 4:2 stage, the clock signal
must traverse an extended chain of inverters, leading to a propagation delay that is compatible with the
preceding data path. Consequently, the overall timing also enables MUX32t1 to operate below 10 Gbps.
The chain of inverters also provides a corresponding timing adjustment for different process corners.

The current data driver comprises a CML driving stage and a 5-stage pre-amplifier. The total
current is 38 mA, with a static output current of 4.8 mA. The driving efficiency is notably low. For the
upcoming iteration, a source-series-terminated (SST) driving stage [9–11], along with pre-emphasis
technique [4, 9–11], will be considered. Since the initial design utilized a traditional CML driver,
the driving capability was limited. The analog IO supported by the foundry displays a total parasitic
capacitance of about 800 fF. However we estimated the final load capacitance to be around 1 pF, a
figure to encompass both the driver and wiring contribution, which significantly impacted the data
transmission bandwidth. To address this issue, a customized IO pad was implemented to reduce the
capacitance load. The final total load on the chip amounts to around 560 fF. Short bonding wires
of around 1.5 mm were employed to mitigate the inductance.

3 Measurements

Figure 2 shows the test setup, where the serializer chip is wire-boned on a printed circuit board (PCB).
The total power consumption for the chip, excluding testing blocks, is around 96.2 mW at 10.24 Gbps,
with 23, 6 and 67.2 mW for the PLL, clock buffers and MUX32t1 respectively.

– 2 –
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Figure 2. Test setup.

3.1 PLL characterization

The PLL has two frequency tuning curves to cover the entire frequency range, with the upper and
lower frequency curves representing subband 0 (SB0) and subband 1 (SB1), respectively. The
frequency locking range is measured by adjusting the reference clock, and the results align with
the simulations. In a previous study, it was observed that subband 1 (SB1) with metal-oxide-metal
capacitors (MOM-CAPs) deviated from the simulation results, potentially due to inaccuracies in the
extracted models [7], which may not be entirely accurate. It was found that using transistor-level
extraction for the MOM-CAP could result in repeated extractions, which could explain why the
simulated frequency of SB1 is much lower than the measured values. In practice, for most analog
circuit designs, transistor-level extraction is more precise and preferable. This also depends on the
technology used. However, following the guidance from the foundry, gate-level extraction combined
with hcell and xcell models is recommended, leading to almost consistent results as shown in figure 3(a).
Figure 3(b) shows the measured eye and jitter performance.

Figure 3. Performance of the LC-PLL.
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We also used a signal source analyzer (Keysight E5058A) to measure the phase noise performance
of the 5.12 GHz clock. Figure 3(c) shows the results, including several spot phase noise and
integrated root mean square jitter (RMSj) values. The RMSj1𝑘−1𝑀 , RMSj10𝑘−1𝑀 , RMSj100𝑘−1𝑀 , and
RMSj250𝑘−1𝑀 are about 16.41, 2.27, 1.07, and 0.49 ps, respectively, where 250 kHz represents the
smallest loop bandwidth of the PLL. The low offset-frequency part is noted to make a substantial
contribution to the phase noise, possibly originating from the reference components such as the clock
source, PFD, CP, and feedback dividers. The separate tests of the 40-MHz clock from the Agilent
81130A confirmed this, with the RMSj1𝑘−1𝑀 , RMSj10𝑘−1𝑀 , and RMSj100𝑘−1𝑀 values of about 18.33,
2.19, and 0.42 ps, respectively. A spurious peak was observed at the 10 kHz offset frequency, which
also originated from the reference clock. Figure 3(d) compares the measured spot phase noise with
the simulated phase noise of the free-running VCO.

3.2 Serializer characterization

Figure 4 displays eye diagrams of the serial data stream captured by the oscilloscope. Panels (a)
and (b) show cases of 5.12 Gbps and 10.24 Gbps measured through 0.5-m cables, with the total
jitter (Tj) measured at 16.1 and 24.6 ps, and the random jitter (Rj) at 0.45 and 0.47 ps, respectively.
Their output eye heights and eye widths measure 874 mV and 581 mV, and 0.92 unit intervals (UI)
and 0.75 UI, respectively.

Figure 4. Eye-diagram, jitter performance and bathtub curve measurements at different data rates and cable
lengths.

When using 2-m cables at 10.24 Gbps, as shown in panel (c), the Tj and Rj increase by 15.9% and
6.4% compared to the case with 0.5-m cables. Panel (d) presents the measurement at 11.09 Gbps through
0.5-m cables, with the Tj and Rj measuring 30.0 and 0.53 ps. These measurements suggest that for
higher data rates and longer transmission distances, the driving capability should be further improved.
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An FPGA evaluation board (KC705) was also used to check data and count the error bits at
11.09 Gbps. When using 0.5-m cables, no error bits occurred over 1014 bits. In contrast, with 1-meter
cables, no error bits were observed over 3×1012 bits. A bathtub curve was measured based on 0.5-m
cables to evaluate the bit error rate (BER) performance, as shown in figure 4(e), where the BER
is less than 1×10−12 at a 99.9% confidence level.

3.3 Influence of supply voltage

Bypassing the on-board 1.2-V LDOs, the power supplies of the PLL and MUX32t1 were connected
together and directly provided from the GPD-4303S. Various performance variations were measured
by adjusting the supply voltage, and the results are illustrated in figure 5. Panel (a) and (b) depict
the total and random jitter variations of the PLL clock, respectively, both showing opposite trends in
response to changes in the supply voltage. The PLL remained locked during the power adjustment, with
an increasing variation of the control voltage in relation to the supply voltage, as shown in figure 5(c).

An interesting phenomenon was observed. The PLL could remain locked when the supply voltage
decreased from normal to below 1.1 V (SB1). However, at this moment, it failed to work when the
VCO was re-enabled or re-powered on. If the PLL attempts to work directly with a low-voltage
power-on, the supply voltage should be over 1.107 V for SB0 and 1.123 V for SB1, respectively. The
probable reason could be that the oscillator stops working at a low supply voltage. However, when
there is a disturbance from the previous oscillation or reference inputs, it could trigger the oscillator
to start working again in this low-voltage critical region.

Figure 5(d) and (e) present the total and random jitter variations at 10.24 Gbps. Figure 5(f)
shows the total current consumption of the serializer core, with a proportional change to the supply
voltage. The measurements suggest that the serializer core can maintain correct timing and exhibit
slightly better jitter characteristics when enabling the delay select block shown in figure 1(c), which
adds an extra delay of about 20∼30 ps.

Figure 5. Measurements at different power supply voltages (0.5-m cables): (a) and (b) show the total jitter and
random jitter of the PLL clock; (c) illustrates the variations of the PLL control voltage versus supply voltage; (d)
and (e) present the total and random jitter of the serial output data; and (f) depicts the variations in total current.
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Table 1. Performance comparison of the recent serializer cores.

This work 2024 [9] 2024 [10] 2021 [11] 2024 [6] 2024 [4]

Technology 55 nm 28 nm 28 nm 65 nm 130 nm 180 nm
Supply (V) 1.2 0.9 0.9 1.25 1.2 1.8

Data rate (Gbps) 10.24 25.6 8 12.5 5.12 6.25
FFE No 3-taps 3-taps 2-taps No 3-taps

Tj (UI) 0.252 0.333 ∼0.2@5 Gbps 0.623 0.234 0.284
Power (mW/ch) 96.2 225 80 30∗ 120 173.75

Efficiency (pJ/bit) 9.40 8.79 10 2.4∗ 23.44 27.8
∗Only serializer power consumption.

4 Conclusion

This paper presents a prototype design and measurements of a serializer core using a CMOS-logic
binary-tree architecture in a 55-nm bulk CMOS technology. It can be configured to operate at
5.12 Gbps or 10.24 Gbps for a 40-MHz system clock, and 5.55 Gbps or 11.09 Gbps for a 43.33-MHz
system clock. The operating data rate depends on the specific application. The measured total jitter
is around 0.252 UI, with a power consumption of about 96.2 mW. The internal timing margin is
sufficient for a power supply variation from 1.15 V to 1.4 V. Table 1 shows a comparison of the recent
serializer designs. In the next iteration, an optimised driver using pre-emphasis SST scheme has been
integrated and taped out, to further improve the power consumption and driving capability.
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