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Introduction

Test System & Verification

Inter-leaved Clock Serialization

 Inter-leaved Clock Serialization operates by multiplexing data across a large quantity of synchronisation clocks spread 
over a range of phases and frequencies and are derived from the driving high frequency master clock. In this case 16 
clocks in total.

 Data is serialized to the highest clock frequency by simple CML multiplexer circuits connected together in a 
hierarchical binary-2 chain.

 The generated clocks are aligned in such a way to produce a multiplexing window across the chain at every period of 
the master clock therefore allowing data to be serialized up to master clock frequency.

 This approach effectively allows the design to phase shift data by the master clocks period whilst operating at a lower 
frequency.

 An example of the 15 clocks being generated from a master clock is displayed below:
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CML Circuitry
Our previous design used primarily CMOS circuitry however in more recent designs, CML is the chosen choice.

 CML brings many benefits such as increased maximum operating frequency and corner control but most importantly provides 
differential logic circuits.

 By designing with CML circuits, the design becomes dominated with NMOS transistors which are more immune to Total Ionizing Dose 
(TID) damage (in 65nm) and hence making the design radiation hard is a much simpler process. 

 The downside to CML design is the area consumption caused by chunky resistors and long and wide current mirrors. 
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 Channel equalisation takes the 2 serialized data-streams and outputs the 4 extra data-streams with a 1-bit phase shift in the 
past and future respectively.

 All 6 data-streams are assigned a line-driver circuit for high power buffering.

 Each line-driver’s buffering power is controlled by a current DAC to allow a fixed variable gain to be set. Typically the gain for 
the channel equalisation data-streams are set to be significantly smaller compared to serialized data-streams.

 In PAM-4, All six streams are mixed together in the electrical domain via shorted connected producing a single data-stream for 
transmission.

 For NRZ, only the serialized data-stream is mixed with it’s respective channel equalisation streams producing two data-streams 
in total for transmission.

 Fixed termination is applied to the IO pad to prevent a reflective channel however due to corner variation, additional tuning is
included to fine-tune the channel termination.

Abstract

Following on from our previous successful design of a 10Gbps Aurora 64b66b NRZ transmitter in 65nm
technology, presented at TWEPP 2018, significant design improvements have been made to increase
maximum operating frequency, power efficiency and area consumption of that design.

Moving forward, our programme has continued to develop an architectural IP which can be deployed
across technology nodes (180nm - 28nm), can be radiation hardened and supports both Pulse Amplitude
Modulation – 4 levels (PAM-4) and Non-Return-Zero (NRZ) transmission.

The architecture can be summarized in the diagram below.

NRZ

PAM-4

CMOS FlipFlop
(Single-ended)

CML FlipFlop
(Differential)

 By having all the clocks synchronised to a fixed phase pattern, the waveform above show a constant stream of clear 
single-unit windows for data to be serialized via multiplexing and settle before the next cycle.

 C1-C4 are the core clocks for synchronising all the remaining clock states. They are generated from a 1-hot shift 
register clocked by the master clock with feedback components to ensure only 1bit is ever high.

 C1D-C4D are the divided C1-C4 clocks. C1D-C4D are generated from shift register but each flip-flop is triggered from 
the rising edge of C1-C4 respectively. C1D-C4D state is synchronised by C1D self-inverting it’s own state on every rising 
edge of C1. 

 CKDIV operate at half the frequency of the master clock and self inverts it’s state on the rising edge of the master 
clock. This state is synchronised by only going high via inversion when C1 is high.

 CKDIV2_1 and CKDIV2_2 operate at a quarter of the frequency of the master clock. CKDIV2_1 will only go high when 
C1 or C2 is high hence synchronised. CKDIV2_2 is phase-shifted by the master clock by 1 cycle.

While the potential of PAM4 is becoming more practical, many designs still choose the NRZ approach. This paper presents a
customisable dual-mode PAM4/NRZ transmitter IP (with 4/2-tap channel equalisation) deployable in multiple CMOS technologies. IP
has been fabricated in 65nm (28Gbps/14Gbps), 180nm (10Gbps/5Gbps) technologies. A radiation-hardened 65nm (20Gbps/10Gbps)
flavour is in active development. The serialization process is achieved using 16 self-generated synchronised clocks and produces 2 data
streams with 4 equalisation streams to minimise inter-symbol inference. IP can be customised to transmit 1 PAM-4 (non-standard
encoding) or 2 NRZ (Aurora 64b66b) data streams (with additional IO) prior to fabrication.

 Data captured/generated inside the ASIC is passed from the ASIC clock domain to transmitter clock domain through the use of a
synchronising FIFO.

 A clean high frequency clock is generated from a LC oscillator PLL to govern the transmitter clock domain. This clock is fed to the
synchronised clock generator to generate 15 other synchronised clocks with fixed phase relations for data encoding and serialization.

 The synchronised data received from the FIFO is encoded with either Aurora 64b66b for NRZ transmission or a custom encoding based
on 256b257b coding scheme for PAM-4 transmission.

 Data is then serialized through Inter-leaved clock multiplexing to produce 2 high frequency bit-streams. Four extra high-frequency bit-
streams are produced through channel equalisation.

 All 6 bit-streams are buffered heavily by the IO driver with programmable strength and sent to the IO pads for off-chip transmission. 1
Differential data-stream for PAM-4 or 2 differential data-streams for NRZ.
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Once the data has been serialized into high speed data-streams, They are sent to IO driver module for transmission. The IO driver
module includes a line driver for high-power buffering, a channel equalisation and a termination turning circuits for improving the
quality of transmission resulting in lower bit-error rates and cleaner eye diagrams. A diagram depicting a IO driver is displayed
below.

 The IP is fabricated through mini-ASIC multi-project wafer runs.

 The ASICs are wire-bonded to a custom test-board manufactured as multi-layer hybrid PCB which contains layers for high speed 
electrical transport and cheaper layers for standard electrical transport.

 A microcontroller is deployed to configure the ASIC to start testing the transmission links outputted fromin the ASIC

 Test patterns such as PRBS-23, PRBS-31 and QPRBS-31 are transmitted to simulate real-data transmission. QPRBS-31 is a 
recognised harsh pattern and therefore good for benchmarking.

 The data-streams are then carried away from the PCB via SMA cables.

 The data-streams are then connected to range of devices for testing:
 High-speed oscilloscope for eye diagram benchmarking and waveform recordings.
 A Retimer IC for NRZ transmission (TI IC)
 A Electrical-to-optical transmitter IC (Samtec Firefly)
 A FPGA for NRZ pattern checking. We have now obtained a Xilinx PAM-4 supporting FPGA, currently investigating if pattern 

checking is supported.
 Extra dummy differential tracks on the test board for board characterisation.
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Due to unexpected delays, the test structure is only now in test.
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