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Fig. 22. Micrographs and power breakdown of (a) TX chip and (b) RX chip.

Fig. 23. Measured output eye-diagrams of the TX at (a) 5 Gb/s with
over equalization, (b) 40 Gb/s without equalization, (c) 40 Gb/s with proper
equalization, and (d) 50 Gb/s with proper equalization.

connection cable. Fig. 23(a) shows the over-equalized eye-650

diagram at 5 Gb/s, where the four sub-levels are contributed651

by the four FFE taps. Fig. 23(b) and (c) gives the output eye-652

diagrams at 40 Gb/s before and after applying the four-tap653

FFE. Obviously, the FFE can significantly improve the eye654

opening. The eye height and eye width are optimized from655

140 mV and 0.45 UI to 180 mV and 0.68 UI, respectively.656

Meanwhile, the thickness of the eyelid is dramatically reduced657

from around 330 to 140 mV. Fig. 23(d) shows the properly658

Fig. 24. Measured output eye-diagrams with four separate eyes. (a) Clock
pattern. (b) PRBS pattern.

compensated eye-diagram at the maximum operation speed 659

of 50 Gb/s. Its eye height and eye width are 50 mV and 660

0.38 UI. Clearly, a wide operation range from 5 to 50 Gb/s is 661

achieved, which is mainly attributed to the multi-MUX-based 662

FFE implementation. Fig. 24 further shows the TX output 663

with four separate eyes. It can be seen that the horizontal 664

eye widths for both fixed clock and PRBS patterns are almost 665

identical, thus proving that the four sampling phases are 666

properly aligned. 667

B. Receiver Chip Measurement 668

The RX standalone measurement results are presented in 669

this part. Fig. 25(a) shows the eye-diagram of the 40-Gb/s 670

input data generated by an Anritsu MP1812A through com- 671

bining four 10-Gb/s PRBS7 sequences, where the single-end 672

eye height and eye width are around 360 mV and 0.71 UI. 673

Fig. 25(b) shows the eye-diagram of the 10-Gb/s recovered 674
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON

Fig. 25. Measured eye-diagrams for (a) input data at 40 Gb/s, (b) recovered
data at 10 Gb/s, (c) recovered edge-sampling clock without LPFs at 5 GHz,
and (d) recovered data-sampling clock with LPFs at 5 GHz.

data with a total jitter of 12.73 ps. The eye-diagrams of the675

recovered clocks (divided by 2) for the edge sampling and676

data sampling are shown in Fig. 25(c) and (d), which reveal677

that the introduced LPFs can optimize the total jitter from678

11.48 to 7.66 ps. To demonstrate the effect of the LPFs with679

adaptively adjusting bandwidth, the jitter transfer (JTRAN)680

and JTOL curves are measured using a Tektronix BSA286C681

with a CDR block. The input peak-to-peak swing is tuned682

to 800 mV and the control voltage of the CTLE is manually683

set to 710 mV. The JTRAN curves in Fig. 26 illustrate that684

the bandwidth of the data-sampling path depending on the685

LPFs is 4 MHz, which is much smaller than 18 MHz for686

the edge-sampling path determined by the loop parameters.687

The measured JTOL in Fig. 26 indicates that the embedded688

LPFs result in a significant dip attenuation around the corner689

frequency and improve the JTOL amplitudes apparently at690

Fig. 26. Measured JTRAN and JTOL with PRBS7 at 28 Gb/s.

high jitter frequencies. Meanwhile, the adaptively adjusting 691

bandwidth of the LPFs makes them exhibit little effect on the 692

phase-tracking slew rate at low jitter frequencies. Additionally, 693

the corner frequency of the JTOL is about 20 MHz, which is 694

much larger than the JTRAN bandwidth of 4 MHz. 695

C. Adaptive Equalization Validation 696

To demonstrate the effectiveness of the developed edge- 697

data cross correlation-based S-ZF algorithm, a chip-to-chip 698

interconnect is constructed, as shown in Fig. 27(a). The outputs 699

of the TX chip and the inputs of the RX chip are separately 700

wire bonded to the two terminals of a 12-cm PCB channel. 701

An auxiliary PCB with a TX chip bonding to a replica 702

channel is manufactured to measure the far-end eye-diagrams. 703

Fig. 27(b) shows the frequency response of the PCB channel, 704
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Fig. 27. Constructed chip-to-chip interconnect. (a) PCB photograph.
(b) Channel frequency response.

Fig. 28. Adaptively adjusted bias voltages of the TX-FFE with different
RX-CTLE control voltages.

where the channel loss at the half-baud frequency is over705

16 dB. Fig. 28 shows the adaptively adjusted bias voltages706

of the TX-FFE taps as the control voltage of the RX-CTLE707

changes from 900 to 615 mV [see the corresponding equaliza-708

tion abilities in Fig. 18(b)] when operating at 40 Gb/s. Fig. 29709

shows the far-end eye-diagrams under the bias conditions of710

A, B, D, and F shown in Fig. 28. As the control voltage of711

the RX-CTLE is decreased (i.e., improving the high-frequency712

peaking ability of the RX-CTLE), the TX-FFE bias voltages713

are adjusted accordingly to decrease the equalization capability714

Fig. 29. Measured far-end eye-diagrams for (a) bias condition A, (b) bias
condition B, (c) bias condition D, and (d) bias condition F shown in Fig. 28.

Fig. 30. Measured bathtub curves under different bias conditions shown
in Fig. 28.

of the TX-FFE, thus maintaining the frequency response of 715

the combined TX-FFE, RX-CTLE, and transmission channel 716

close to a flat profile. By detecting the BER while adjusting 717

the sampling positions, the bathtub diagram can be obtained. 718

Fig. 30 shows the measured bathtub curves under the bias 719

conditions of A, C, and F described in Fig. 28. For the 720

balanced equalization coefficient allocation under bias condi- 721

tion C, the horizontal eye opening at BER = 1e-12 achieves 722

0.51 UI, which is much better than those measured under 723

bias condition A (0.30 UI) and bias condition F (0.35 UI). 724

This proves that a combination scheme of the TX-FFE and 725

RX-CTLE is a good choice for the equalization of the 40-Gb/s 726

link. 727

D. Performance Summary and Comparison 728

The performance summary and comparison with previous 729

studies are given in Table I. The results indicate that the TX 730

chip achieves good jitter performance and power efficiency, 731

even in comparison with the TX embedding LC-delay-based 732

FFE [4] and the standalone CML-based FFE combiner [20]. 733

This is mainly because of the proposed high-speed 4:1 MUX 734
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and the compact interleaved-latching scheme. For the RX,735

the maximum tolerable amplitude of sinusoidal jitter at high736

frequency outperforms the other two, owing to the introduced737

LPFs and the developed compensating PI. By removing the738

auxiliary circuits for error information extraction, the proposed739

edge-data correlation-based S-ZF algorithm not only avoids740

introducing the capacitance overhead to the critical path, but741

also helps to optimize the power efficiency.742

VI. CONCLUSION743

This paper implements a 40-Gb/s TX and RX chipset744

over a >16-dB loss PCB channel using a 65-nm CMOS745

process. The TX utilizes a bandwidth-enhanced 4:1 MUX746

and an interleaved-retiming latch array to obtain wide oper-747

ation range, high power efficiency, and small area occupa-748

tion. By introducing bandwidth-adaptively adjusting LPFs into749

the clock path for data sampling, the CDR achieves high750

performance on both low-frequency jitter tracking and high-751

frequency jitter suppression. To further improve the CDR per-752

formance, a TA-based compensating PI is designed to optimize753

the phase-step uniformity and reduce the phase-spacing shift754

between edge-sampling and data-sampling clocks. A combined755

TX-FFE and RX-CTLE is employed to compensate for the756

channel loss, where a low-cost edge-data correlation-based757

S-ZF adaptation algorithm is proposed to automatically adjust758

the TX-FFE’s tap weights.759
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