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Abstract—A high-speed transmitter for serial link interface was synthesized by using only Verilog codes and digital standard cells. The transmitter employs a differential voltage-mode architecture with a 2-tap feed-forward equalizer (FFE). A delay line which is locked to a data period is used for the FFE operation because a high speed flip-flop is not available in standard cells. The proposed transmitter chip in a 65nm CMOS process works at data rates up to 6Gbps with a 1.4m FR4 microstrip line of 20.6dB loss, occupies 0.0363mm2 and consumes 33.6mW at 1.2V.
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I.  Introduction 

High-speed serial link circuits are mostly included in a large digital chip as an analog IP to transmit and receive high-speed serial data between two large digital chips. The main body of the large digital chips are designed by using a Verilog synthesis technique while the high-speed serial link circuits are implemented by using a full-custom design. Recently, some components of high-speed serial link circuits such as PLL and CDR are implemented by using a Verilog synthesis [1][2]. However, the output driver and the serializer of transmitter and the analog front-end circuit and the de-serializer of receiver need to be synthesized also to implement the entire high-speed serial link circuit with a synthesis technique (Fig. 1). In this work, an output driver and a 2-to-1 serializer of transmitter are implemented by using a Verilog synthesis. The transmitter output driver is implemented by using a CML or LVDS current-mode driver or a pseudo open-drain (POD) voltage mode driver [3]. Because the current-mode driver is difficult to design with a synthesis technique due to the current source and the differential pair, the voltage-mode driver is used in this work for synthesis.

II. DESIGN OF BUILDING BLOCK
The proposed voltage-mode transmitter consists of two branches for differential operation; each branch is composed of a 2-to-1 multiplexer, a pre-driver, a main driver, an FFE pre-driver, and an FFE driver with the FFE pre-driver output connected to the FFE driver input of the opposite branch. The 2-to-1 multiplexer was implemented with a 2-input NAND gate that works at data rates up to 9Gbps. 

A. Transmitter output driver
A voltage-mode PODL driver is used for the main and FFE drivers of this work. In the conventional PODL drivers, linear resistors are connected in series with switch transistors (nonlinear resistors) for TX termination. The proposed output driver is implemented by using tri-state inverter cells without linear resistors; the apparent resistance of the NMOS switch transistors is set to RT (50 Ω) for TX termination by adjusting the number of parallel tri-state inverter cells. The apparent resistance of the PMOS switch transistors is not controlled; it changes from 41.8 Ω to 57.7 Ω across PVT corners when the NMOS branch is controlled to have the apparent resistance of 50 Ω. Each of the two output signals (TXout, TXoutb) of PODL driver swings between 0.5VDD and VDD.

[image: image2.emf][image: image3.emf]A replica driver that has a one-tenth size of the main driver, comparator, and FSM1 determine the number of parallel [image: image4.emf]tristate inverter cells to be turned on for the main driver at the power-on reset to set the output low-swing level at 0.5VDD. This operation sets the apparent resistance of the pull-down NMOS transistors of the main driver at RT (50 Ω).

B. Feed-forward equalization
In the high-speed serial interface, the equalization operation is performed at both TX and RX to compensate the inter-symbol interference (ISI) due to the channel loss. For the FFE operation at TX, a high-speed flip-flop operating at the full data-rate is required. Because such a high-speed flip-flop is not available in the digital standard cells, a 1-T (a data period) delay line is used for the FFE operation in this work). The 1-T delay line is implemented by a series connection of a coarse delay line and a fine delay line (FFE pre-driver); 4-bit and 3-bit binary codes are applied to the coarse and fine delay lines. The delay time of the pre-driver before the main driver is set to minimum to maximize the adjustable delay range of the fine delay line. During the training mode, the input data DODD and DEVEN are fixed to ‘1’ and ‘0’, respectively, to generate a clock input at DIN; a delay-locked loop (DLL) operation is performed by FSM2, PD, coarse and fine delay lines to synchronize D[k-1] and DB[k]. 

III. MEASUREMENT RESUTLS
The proposed output driver for the differential voltage-mode transmitter was fabricated in a 65nm CMOS process (Fig. 2). The fabricated output driver chip was connected to a 1.4m FR4 differential micro-strip line with a measured loss of 20.6dB at 3GHz. The eye-diagram measured at the TX output pin showed that the output driver works at data rates up to 6Gbps without equalization (Fig. 3). Without equalization, the eye diagram at the RX termination after the 1.4m FR4 micro-strip line is completely closed. With equalization, the clear eye-diagrams were measured at the RX termination at 6Gbps with PRBS-7 and PRBS-31 data. The chip consumes 33.6mW at 6Gbps and the supply(VDD) of 1.2V.
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Fig. 1. Transmitter and receiver of serial link for synthesizable design





TABLE I. PERFORMANCE COMPARISON
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Fig. 3. Measured differential eye-diagram at RX input w/o equalization (6Gbps, PRBS-31).
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Fig. 2. (a) Chip photo, (b) layout.
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Fig. S3. Output resistance non-linearity of conventional and proposed PODL driver (a) simulation setup (b) simulation result. (Times New Roman, font size 8pt)
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Fig. S2. Voltage-mode transmitter output driver (a) conventional PODL, (b) proposed synthesizable PODL. (Times New Roman, font size 8pt)
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Fig. S5. Coarse and fine delay lines for FFE operation. (Times New Roman, font size 8pt)
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Fig. S4. Feed-forward equalizer (a) operation, (b) implementation. (Times New Roman, font size 8pt)
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Fig. S1. Block diagram of the proposed synthesizable transmitter. (Times New Roman, font size 8pt)
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(c)                                                       (d)


Fig. S9. Measured differential eye-diagrams of TX output and RX


input at 6Gbps. (a) TX output with equalization (PRBS-7), (b) RX


input (PRBS-7), (c) TX output with equalization (PRBS-31), (d) RX


input (PRBS-31) (Times New Roman, font size 8pt)
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Fig. S7. Channel loss of 1.4m micro-strip line. (Times New Roman, font size 8pt)
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Fig. S8. Measurement environment setup. (Times New Roman, font size 8pt)
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Fig. S6. Timing diagram of 1-T lock operation. (Times New Roman, font size 8pt)
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